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Caminante, son tus huellas
el camino y nada mads;
Caminante, no hay camino,
se hace camino al andar.
Al andar se hace camino,
y al volver la vista atras
se ve la senda que nunca
se ha de volver a pisar.
Caminante, no hay camino,

sino estelas en la mar.

Anténio Machado
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Abstract

Use and Effects of aromatic plants in Blue Tit nests

Some bird species also incorporate aromatic plants in their nests. To explain this
behaviour several hypotheses have been proposed, mainly related to hiding/shading
of the nest, but also with regulation of nest water loss and heat rates. In secondary
cavity-nesting species like Blue Tits, hypotheses related to reduction of parasite
populations and improvement of nestlings’ condition are considered more
appropriate to explain this behaviour. These species, because their nests are hidden
and because they often reuse the same cavities year after year, are more exposed to
higher abundances of parasites, arising mainly from overwintering parasites.

This study aims to understand i) how nestlings of secondary cavity-nesting
species are affected by parasites present in nests, ii) how aromatic plants are used in
Blue Tit (our model species) nests and iii) how that use influences nest features,
reproductive parameters and nestling condition.

Nestlings of cavity-nesting species are affected by parasites present in nests
through close contact with parasites and through parental condition. Parents and
nestlings adopt different defence mechanisms to limit and/or alleviate deleterious
effects of parasites.

Incorporation of specific aromatic plants in Blue Tit nests produced nestlings
with longer tarsi but only in large broods. Even when aromatic plants were
experimentally incorporated in nests, female Blue Tits found the need to incorporate
aromatic plants of their choice, with a very diverse pattern of use, and not always
directly related to the availability of these plants in the nests’ vicinities. Significant
associations between aromatic plants incorporated in nests by females, nest weight,
laying date and reproductive parameters were observed.

These results provide new insights on how female Blue Tits use aromatic plants
in their nests and how this use is related to nest construction features, reproductive

parameters and nestling condition.



Resumo

Uso e Efeitos de plantas aromaticas em ninhos de Chapim-azul

Algumas aves, além do material que utilizam para constru¢do do ninho, também
adicionam plantas aromaticas. Para explicar este comportamento foram propostas
varias hipdteses relacionadas com dissimulacdo/sombra dos ninhos, mas também
com regulacdo da perda de agua e niveis de calor. Em aves cavernicolas secundarias,
como o Chapim-azul, as hipdteses relacionadas com reducdo das popula¢des de
parasitas e melhoria da condi¢do das crias tém sido valorizadas para explicar este
comportamento. Estas espécies, cujos ninhos sdo abrigados e muitas vezes
reutilizados ano apds ano, estdo mais expostas a maiores abundancias de parasitas,
principalmente dos que fazem a hibernagao de inverno nas cavidades.

Este estudo pretende compreender i) como as crias de aves cavernicolas sdo
afetadas por parasitas presentes nos ninhos, ii) como as plantas aromaticas sdo
utilizadas em ninhos de Chapim-azul e iii) como essa utilizagdo influencia
caracteristicas dos ninhos, parametros reprodutivos e condi¢do das crias.

As crias de aves cavernicolas sdo afetadas por parasitas presentes nos ninhos
por contacto direto com esses parasitas, mas também através da condicdo dos
progenitores. Progenitores e crias adotam diferentes mecanismos de defesa para
limitar e/ou aliviar os efeitos prejudiciais desses parasitas.

A incorporacdo de plantas aromaticas especificas em ninhos de Chapim-azul
produziu crias com maior tarso, mas apenas em ninhadas grandes. Mesmo com
suplementacdo de plantas aromaticas nos ninhos, as fémeas de Chapim-azul
adicionaram plantas escolhidas por si, com um padrao de uso muito diverso, e nem
sempre diretamente relacionado com a disponibilidade dessas plantas na area
circundante dos ninhos. Foram observadas relagbes significativas entre plantas
aromaticas adicionadas aos ninhos pelas fémeas, peso dos ninhos, data de postura e
parametros reprodutivos.

Estes resultados fornecem novas perspectivas de como as fémeas de

Chapim-azul utilizam plantas aromaticas nos seus ninhos e de como este uso esta



relacionado com caracteristicas dos ninhos, parametros reprodutivos e condi¢do das

crias.
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Chapter 1

General Introduction

Bird nests are structures with a major function: provide warm and safe
conditions for the development of eggs and nestlings (Collias & Collias, 1984; Hansell,
2000). Each bird nest is a result of evolution and mirrors the morphology, physiology,
behaviour and ecology of the builder species (e.g. Collias & Collias, 1984; Hansell,
2000). To some extent, building of a nest is limited by the availability of nesting sites
and nesting materials (Briggs & Deeming, 2016; Harrison & Castell, 2002), because
nesting-site and nest structure are species-specific traits (e.g. Biddle et al., 20183;
Harrison & Castell, 2002). Nests can go from simple platforms to lift eggs and
nestlings from the ground (e.g. scrapes), to open structures that hide the eggs (e.g.
open-cup nests) or insulated cavities that enclose eggs and nestlings (e.g.
cavity-nests) (Harrison & Castell, 2002).

Nests in cavities are used by cavity-nesting bird species, which are among the
most specialized bird species of forest ecosystems (Devictor et al., 2010). This group
of cavity-nesting birds can be divided in primary cavity-nesters, which excavate holes
in trees (e.g. woodpeckers) and secondary cavity-nesters that breed in the tree holes,
previously excavated by the first group (e.g. tits) (Zangari et al., 2013). Due to this
level of specialization, many of these species are considered of high ecological and
conservation interest to forest management studies and may be used as indicators
of different impacts on the landscape (Zangari et al., 2013). Nests in cavities ensure
protection of eggs and nestlings from weather conditions and predators (Collias &

Collias, 1984) and altricial species like most passerines strongly benefit from being



raised in this type of enclosed nest, since their developing period is longer than that
of other bird species (Collias & Collias, 1984).

Blue Tits Cyanistes caeruleus, the model species used in this study, are
cavity-nesters and build their nests in natural tree cavities readily adopting
man-made nest-boxes (Figure 1; Harrison & Castell, 2002; Mainwaring, 2017). As
other secondary cavity-nesters, Blue Tits are among the most intensively studied bird
species, because nest-boxes allow routine monitoring and experimental
manipulation of nests, adults, eggs and nestlings (Lambrechts et al., 2010).
Additionally, Blue Tits show a high tolerance for regular inspections to their nests
and to being manipulated (Flegg, 1987). All these features explain why the Blue Tit is
an excellent model species for demographic, ecological and behavioural studies

(Flegg, 1987; Lambrechts et al., 2010).

Figure 1 - Female Blue Tit in the nest-box incubating the eggs. Aromatic plants can be

seen in the bottom right corner (photo by B. Pires).

Blue Tits build their nests mostly with moss, grass, dead leaves and small twigs,
using feathers and mammal hair as lining material (Harrison & Castell, 2002;
Mainwaring, 2017). Apart from these basic materials, Blue Tit females also

incorporate in their nests fragments of fresh aromatic plants (see Dubiec et al., 2013;



Scott-Baumann & Morgan, 2015). This behaviour has also been observed and/or
studied in other bird species - European Starlings Sturnus vulgaris (e.g. Gwinner et al.,
2018), Spotless Starlings Sturnus unicolor (e.g. Polo et al., 2015), Bonelli’s Eagle
Hieraaetus fasciatus (e.g. Ontiveros et al., 2008), Red-shouldered Hawks Buteo
lineatus (e.g. Dykstra et al., 2009), Tree Swallows Tachycineta bicolor (e.g. Dawson,
2004) and Cape Sparrows Passer melanurus (e.g. Milton & Dean, 1999) - and many
hypotheses have been considered to explain it. The crypsis hypothesis (the plants
hide the nest), the water loss hypothesis (the plants reduce water loss), the shading
hypothesis (the plants provide shade to eggs and nestlings), the insulation
hypothesis (the plants reduce rates of heat) and the aesthetic hypothesis (the plants
cover nest debris) (reviewed in Dubiec et al., 2013 and Scott-Baumann & Morgan,
2015). However, as this behaviour is mostly seen in cavity-nesting species, these
hypotheses are not considered since this type of nest is, by definition, hidden,
shaded and, due to the use of moss in its construction, have high water content
(Biddle et al., 2019).

In cavity-nesting species, three other hypotheses are the most accepted to
explain the incorporation of aromatic plants: the nest protection hypothesis (the
plants decrease nest parasites and pathogens; see Scott-Baumann & Morgan, 2015),
the drug hypothesis (the plants benefit chicks’ development through increased
immune function; see Gwinner et al., 2000) and the courtship hypothesis (the plants
are incorporated in nests by males as a way of attracting females; see Brouwer &
Komdeur, 2004). The last hypothesis has been mostly considered in European and
Spotless Starlings, since aromatic plants are brought to nests only by males (Brouwer
& Komdeur, 2004). In Blue Tits, however, the most considered hypotheses to explain
the behaviour are the nest protection hypothesis and the drug hypothesis for three
reasons. First, nest construction and incorporation of aromatic plants are behaviours
displayed only by females (Petit et al., 2002). Second, Blue Tits often reuse nests year
after year, like other secondary cavity-nesters, thus being exposed to higher
abundances of parasites and pathogens, due to nest-dwelling overwintering
parasites (Dubiec et al., 2013; Mgller, 1989). Third, female Blue Tits incorporate

aromatic plants in their nests throughout the breeding season, after laying the first



eggs and until nestlings leave the nest (Figure 2; Lambrechts & Dos Santos, 2000),

suggesting a continued protection against parasites.

Figure 2 - Blue Tit nestlings in the nest with aromatic plants in the nest cup (yellow

arrow; photo by B. Pires).

Three assumptions were proposed by Clark and Mason (1985) and reviewed by
Scott-Baumann and Morgan (2015) to support the Nest Protection Hypothesis. First,
aromatic plants must be actively incorporated in nests by birds, which has been
often observed in the case of Blue Tits (see Mennerat et al., 2009b; Petit et al., 2002).
These plants are placed in the nest cup and represent a small fraction of the plants
available in the nests’ surroundings (Petit et al., 2002; Pires et al., 2012). In fact,
Mennerat et al. (2009b), observed that the aromatic composition of a nest partially
results from the availability of those plants in the territory, but mostly it results from
female individual preference. Second, plants selected must be rich in volatile
chemical compounds. Aromatic plants found in Blue Tit nests are rich in essential oils,
which are complex mixtures of organic compounds, such as monoterpenes, phenols

and sesquiterpenes (Koul et al., 2008; Upadhyay, 2010); these essential oils show
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diversified biological activity, such as antimicrobial, antibacterial, anti-inflammatory
and anti-parasitic, among others (e.g. Aissa et al., 2019; Cavanagh & Wilkinson, 2005;
Marongiu et al., 2010). Third, plants must have a negative effect on parasite and/or
pathogen abundances. In Blue Tits, Mennerat et al. (2008) found that the presence
of aromatic plants in nests did not decrease the level of parasite infestation, but
bacterial growth was negatively affected (Mennerat et al., 2009c); in European
Starlings, the presence of aromatic plants in nests had no significant effect on mite
numbers, but inhibited bacterial growth (Gwinner & Berger, 2006); in Bonelli’s Eagle
nests, branches of Pinus pinaster reduced parasitic loads of Protocalliphora larvae
(Ontiveros et al., 2008).

The Drug Hypothesis is strengthened by any of the assumptions proposed for
the Nest Protection Hypothesis, but a fourth assumption must be observed:
parasites must represent a threat to nestling development. Independently of its type,
bird nests may host other biotic communities due to debris produced during the
breeding period, remains of prey and, most importantly, sessile nestlings that can
provide parasites with blood, skin and feathers (Moyer & Clayton, 2004). This biotic
community is mainly formed by arthropods such as insects and mites (ectoparasites)
that benefit from the nest environment across all nesting stages (Bouslama et al.,
2001; Collias & Collias, 1984; Mgller, 1990).

Several authors have pointed out that the presence of ectoparasites in nests
may have detrimental effects on hosts’ condition and reproductive success by
reducing parental care (Hurtrez-Boussés et al., 1998) and/or by reducing fledging
condition or survival (Hurtrez-Bousses et al., 1997; Merino & Potti, 1995a). Aromatic
plants, however, may play an important role in this relationship: Mennerat et al.
(2009a) observed that the presence of aromatic plants in nests improved Blue Tit
nestlings’ condition, but Pires et al. (2012) observed that it did not increase nestlings’
survival rate; in Bonelli’s Eagle nests, branches of Pinus pinaster had a positive
influence on fledglings’ survival (Ontiveros et al., 2008). Ectoparasites present in
nests are also vectors of many blood parasites: several dipterans are responsible for
the transmission of Leucocytozoon, Haemoproteus and Plasmodium (Atkinson et al.,
2008; Valkilinas, 2005) and mites are responsible for the transmission of

Trypanosoma (Votypka & Svobodova, 2004). These parasites are known to affect
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adult condition (Fargallo & Merino, 1999; Tomas et al., 2007b) and reproductive
success (Dufva, 1996; Sanz et al., 2001), but studies on nestling condition are scarce.
Under a parasite attack, adult birds can not direct most energy resources for
maintenance and/or reproduction, because energy is a limited resource and
parasites are draining those resources (Atkinson et al., 2008; Mgller, 1997). If
reproduction is negatively affected by parasitism, then a trade-off might occur
between current and future reproduction, due to increased reproductive costs
imposed by parasites (Mgller, 1997). On the other hand, as nestlings’ immune
system is still developing (Fargallo & Merino, 2004), under a parasite attack the
limited resources used for growth are allocated to fight parasite infections, reducing
nestling quality and eventually affecting population recruitment.

It is now clear that the behaviour of incorporating aromatic plants in nests, as
well as other defence mechanisms (see Simon et al., 2005b), evolved from the
presence of parasites in nests (Merino, 2010). This tight relation is even more
noticeable in cavity-nesting species, since they often reuse the same cavities in
successive reproductive seasons (Clark & Mason, 1985; Mgller et al., 2009). This
knowledge revealed the triangular relationship among these three identities - nests,
aromatic plants and parasites. The study of these associations is important at a
biological, ecological and evolutionary scale, since it allows us to understand (1) how
host life history traits are affected and evolve, since parasites become an important
component of the hosts’ trade-off structure (Mgller et al., 2009), (2) how aromatic
plants are used and how they can lessen parasites’ harmful effects and (3) how the
parent-offspring relation is affected by parasitism, especially under poor

environmental conditions (habitat, weather, food availability).

Objectives and structure of the thesis

This thesis aims to (1) understand how nestlings of cavity-nesting passerines are
affected by ectoparasites and vector-borne blood parasites and (2) how aromatic
plants present in Blue Tit nests (see Appendix) relate to several traits regarding

reproductive performance and nestling condition.
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To achieve the first objective, we conducted an exhaustive bibliographic revision
on how nestlings of cavity-nesting passerines are affected by both ectoparasites
present in nests and vector-borne blood parasites, and on defence mechanisms
adopted by both parents and nestlings. Additionally, we also reviewed how nestlings
of cavity-nesting passerines are affected by parents’ condition (Chapter 2).

For the second objective we conceived, implemented and carried out a project
at the Portuguese Air Force Base N. 6, in Montijo (Figure 3), where a total of 200
nest-boxes were placed ca. 25 m apart from each other. The area has extended
stands of Pinus pinea L. with smaller stands of Quercus suber L. and Eucalyptus

globulus Labill.

Figure 3 - Air Force Base N. 6 in Montijo (38°41’40.45” N, 9°02’43.55” W), with study
area outlined in yellow. Image provided by Google Earth Pro (viewing altitude: 3.49

km) on February 10,
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This study included four breeding seasons (from 2015 to 2018) and nests were
monitored from March to July on a yearly basis, in order to follow nest construction,
breeding events and nestling development. Nest-boxes were made in pine wood,
following the British Trust for Ornithology guidelines in respect to Blue Tit nest box

orientations (Figure 4; Du Feu, 2002).

Figure 4 - Nest-box for Blue Tits (width = 12 cm, depth = 15 cm, height =17.5 cm,
floor to entrance hole = 11 cm, entrance hole diameter = 2.6 cm) (photo by F.

Gomes).

This objective included several specific targets designed to answer the following
questions:

a. How specific aromatic plants incorporated in Blue Tit nests would affect
reproductive parameters (number of fledglings and nestling survival rate) and
nestling condition (weight and tarsus length), taking clutch size into consideration
(Chapter 3);

b. How will Blue Tit females react to the incorporation of specific aromatic

plants in their nests and how plants naturally added by females relate to availability
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of those plants in the study area; also, how females use these plants in the different
breeding stages (Chapter 4);
c. How Blue Tit nest weight relates to several aspects of breeding performance,

brood mass and aromatic plant species used by females in the nests (Chapter 5).
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Chapter 2

How are nestlings of cavity-nesting birds affected by

parasites?

In preparation for submission as:
Pires, B. A., Belo, A. D. F.,, Rabacga, J. E. & Merino, S. How are nestlings of

cavity-nesting birds affected by parasites?

Abstract

Nests are structures built by birds to ensure a warm and protected environment
for eggs and nestlings. These conditions and the presence of easy-targeted nestlings
welcome a multitude of nest-dwelling ectoparasites (e.g. mites, ticks, fleas and flies)
that exploit hosts’ resources, reducing their survival and condition. Nestlings are
particularly vulnerable to these highly mobile ectoparasites, since they remain in
nests for periods of several weeks.

Evaluation of nestlings’ condition includes body weight, tarsus length and
hematocrit measures, although alternative parameters, such as wing and primary
feather length and mass/tarsus index, are considered in some studies. Body weight is
the most common and easily accepted parameter since it is known to affect nestling
survival.

Adult birds adopt behaviours that will reduce the probability of arrival and

persistence of parasites in nests, control the development of parasite populations
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and limit negative impacts on both themselves and nestlings. Moreover, nestlings
tend to adjust their behaviours to decrease or alleviate contact with parasites
present in the nest. Parents’ condition or infection status affects reproductive effort
and breeding parameters. Females are the parental sex more frequently studied in
this respect since they spend longer periods of time in nests during incubation and
brooding.

Ectoparasites present in nests can also act as vectors of blood parasites but
studies considering the effect of blood parasites on nestlings’ condition are scarce
and not consensual.

In this paper we review the current knowledge on (1) the presence and
abundance of parasites in nests of hole-nesting birds, (2) how parasites influence
nestlings’ physical condition and survival and (3) which defence mechanisms are

adopted by adults and nestlings.

Keywords
Cavity-nesters, ectoparasites, condition parameters, nestlings, defence

mechanisms.

Introduction

The basic and general function of a bird nest is to provide warm and safe
conditions for the development of eggs and nestlings (Collias & Collias, 1984). Nests
in cavities represent a welcoming spot to a multitude of parasites (Fargallo & Merino,
2004; Martinez-de la Puente et al., 2013) due to the presence of easy-targeted food
supply (nestlings) and a relatively protected environment from predators and
weather conditions (Cantarero et al., 2013; Collias & Collias, 1984). Ectoparasites
often found in bird nests include arthropods such as mites, ticks, fleas and flies (see
Mazgajski et al., 1997; Mgller, 1990; Roby et al., 1992). They act without the need of
an intermediate host (Richner et al., 1993) and exploit a variety of resources, such as

skin, feathers or blood (Moyer & Clayton, 2004).
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Nestlings are especially vulnerable to these highly mobile ectoparasites, because
they are bounded to nests for periods of several weeks (Buechler et al., 2002;
Fargallo & Merino, 2004; Mazgajski & Kedra, 1997). Burkett-Cadena et al. (2010)
tested ectoparasites’ preference of nestlings over adults and found no preference
for hosts although ectoparasites were more successful attacking immobile and
sparse-feathering nestlings (Blackmore & Dow, 1958, as cited in Burkett-Cadena et
al., 2010, p.395). According to the Tasty Chick Hypothesis (Christe et al., 1998), the
last hatched chick would be preferred by ectoparasites, since it presents a naive
immune system and a poorer condition compared to older siblings that are heavier,
in better condition and more immunocompetent (Christe et al., 1998; Roulin et al.,
2003).

Nest-dwelling ectoparasites have detrimental effects on host’s fitness and
health, reducing their survival (Fauth et al., 1991; Richner et al., 1993) and condition
(Bouslama et al., 2001; Hurtrez-Bousses et al., 1997; Merino & Potti, 1995a). Both
parents and nestlings develop anti-parasite mechanisms to minimize detrimental
effects of parasites, such as nest-site choice (Mazgajski, 2007a; Orell et al., 1993),
cleanness of nests (see Dubiec et al., 2013 and references therein) or changes in
behaviour (Christe et al., 1996; Simon et al., 2005b).

To understand the interactions between hosts and parasites, it is necessary to
know how parasites influence hosts’ reproductive success and survival (Sanz et al.,
2001). The aim of this review is to understand how presence of parasites in nests of
cavity-nesters, either as ectoparasites or blood parasites, influence nestlings’ survival
and condition and which defence mechanisms are adopted by both parents and

nestlings to mitigate parasites’ detrimental effects.

Effects of parasites on nestlings

In a study with Blue Tits Cyanistes caeruleus, Bouslama et al. (2001) observed
mites, ticks, blow flies and adult fleas in these birds’ nests with a prevalence above
80%. These ectoparasites may have detrimental effects on their hosts, mainly

nestlings, including tissue damage (skin and feathers), microparasite transmission,
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blood consumption and anaemia (Allander, 1998; Hurtrez-Bousses et al., 1997;
Johnson & Clayton, 2003; Tomas et al., 2007c). Blood consumption alone can cause
the loss of more than 55% of the chick’s blood volume (Hurtrez-Bousseés et al., 1997).

Effects of ectoparasites on host reproductive success and nestlings’ condition
have been extensively studied in many bird species (Allander, 1998; Richner et al.,
1993; Tompkins et al., 1996). Regarding host reproductive success, two main factors
should be considered. First, most studies include ectoparasites that attack both
nestlings and their parents, such as mites, ticks and fleas (Hurtrez-Bousses et al.,
1997) and parental care may be reduced due to parasite attacks. In these cases,
results on nestlings’ condition should be viewed with caution since nestlings’
condition may be influenced not only by parasite attacks, but also by a low parental
provisioning (Hurtrez-Boussés et al., 1998). Second, ectoparasite attacks on nestlings
may reduce reproductive success by direct effects on survival or by indirect effects
on fledgling condition (Hurtrez-Bousses et al., 1997; Merino & Potti, 1995a).

Evaluation of nestlings’ condition, in most of the studies, includes body weight,
tarsus length and hematocrit measures, although alternative parameters have been
considered in some studies (Table 1).

Nestling weight, a parameter known to affect nestling survival (Merino et al.,
1998), is the parameter most frequently reported and it is either negatively related
to parasite presence or no effect of parasites is observed. We found only one study
where nestling weight was positively affected by the presence of ectoparasites in
nests (Allander, 1998) and the author argued that this may be due to differences in
parasite load, food provisioning, environmental reasons or the interaction between
these factors. For instance, Martinez-de la Puente et al. (2009) observed that
parasite load in nests (blackflies and biting midges) may vary with weather
conditions, such as wind speed and temperature. Merino and Potti (1996) observed
that mite and blowfly prevalence decreased in a cold and wet year, but flea

prevalence did not.
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Table 1 - Effect of ectoparasites found in bird nests on several parameters of nestling condition: (-) negatively affected; (+) positively affected; (0) no effect

detected.

Nestlings’
Host species Ectoparasites Weight Tarsus length Hematocrit Other parameters References
Age (days)
Parus major 14 Ceratophyllus gallinae - - - Wing length - 0 Richner et al., 1993
Parus major 14 Ceratophyllus gallinae - - Christe et al., 1996
Ceratophyllus gallinae
1990 0
Parus major 13 Allander, 1998
1991 +
1992 -
Hurtrez-Bousses et al.,
Cyanistes caeruleus 15 Protocalliphora azurea - - -
1997
Cyanistes caeruleus 14 Ceratophyllus gallinae 0 0 Feather length - 0 Tripet & Richner, 1997
Hurtrez-Bousses et al.,
Cyanistes caeruleus 15 Protocalliphora sp. - - -
1998
Cyanistes caeruleus 15 Various ectoparasites 0 + - Bouslama et al., 2001
Cyanistes caeruleus 15 Various ectoparasites 0 - Bouslama et al., 2002
Cyanistes caeruleus 15 Protocalliphora sp. - Simon et al., 2005a
Mass/tarsus index -
Cyanistes caeruleus 13 Various ectoparasites Tomas et al., 2008
Ficedula hypoleuca 9 Ceratophyllus gallinae 0 Mappes et al., 1994
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Table 1 - Effect of ectoparasites found in bird nests on several parameters of nestling condition: (-) negatively affected; (+) positively affected; (0) no effect

detected (continued).

Nestlings’
Host species Ectoparasites Weight Tarsus length Hematocrit Other parameters References
Age (days)

Dermanyssus gallinoides - -

Ficedula hypoleuca 13 Merino & Potti, 1995a
Protocalliphora azurea - -
Dermanyssus gallinoides
1991 - -
1992 0 0
1993 - 0
Ceratophyllus gallinae
1991 0 0

Ficedula hypoleuca 13 Merino & Potti, 1996
1992 0 -
1993 0 0
Protocalliphora azurea
1991 0 0
1992 0 0
1993 0 0

Ficedula hypoleuca 12 Dermanyssus hirundinis 0 0 Bauchau, 1997
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Table 1 - Effect of ectoparasites found in bird nests on several parameters of nestling condition: (-) negatively affected; (+) positively affected; (0) no effect

detected (continued).

Host species Nestlings’ Ectoparasites Weight Tarsus length Hematocrit Other parameters References
Age (days)
Dermanyssus gallinoides - 0
Ficedula hypoleuca 13 Protocalliphora azurea 0 0 Merino et al., 1998
Ceratophyllus gallinae 0 0
Ficedula hypoleuca 13 Protocalliphora azurea - - - Merino & Potti, 1998
Troglodythes aedon 12 Protocalliphora braueri 0 Eastman et al., 1989
Troglodythes aedon 16 Protocalliphora parorum - 0 Johnson & Albrecht, 1993
Troglodythes aedon 11 Protocalliphora sp. - 0 Morrison & Johnson, 2002
Hirundo rustica 15 Ornithonyssus bursa - 0 Megller, 1990
Flea larvae - 0 Wing length - 0
Sturnus vulgaris 17 Mazgajski et al., 1997
Flea imagines - 0 Wing length -0
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Tarsus length measured when nestlings are close to fledging has been
considered a valid parameter to assess body condition in birds (Bouslama et al., 2002;
Hurtrez-Boussés et al., 1997; Merino & Potti, 1996). However, Mazgajski and Kedra
(1997) argued that tarsus length is not a good parameter to estimate nestling
development under a parasite load, since it is partially inherited (e.g. Garnett, 1981)
and the period in which it develops more rapidly is in the beginning of nestlings’ life,
when none or few parasites are present in the nest (Alatalo & Lundberg, 1986).
Nonetheless it is a parameter often used to assess nestling condition and it is either
negatively related to parasite presence or no effect of parasites is observed. A single
study (Bouslama et al., 2001) reported longer tarsi in parasitised nests as compared
to heat-treated ones. The authors of the study compared this result with others in
which nestlings were heavily affected by parasites in higher latitudes (e.g.
Hurtrez-Bousses et al., 1997; Hurtrez-Bousses et al., 1998; Merino & Potti, 1995a;
Richner et al., 1993) and offered two explanations for this: either i) nestlings are not
necessarily affected by higher parasite intensities or ii) at lower latitudes, parasites
are less harmful or nestlings are more resistant to parasite attacks.

Hematocrit is a physiological variable that reflects the oxygen-carrying capacity
of blood, metabolic rate and thermoregulatory ability of birds (Markowski et al.,
2015). It can vary with several factors such as age, sex, reproductive status,
nutritional status and season (Fair et al., 2007). Some authors recommend its study
in association with other erythrocyte measures, such as total white blood cells count,
haemoglobin or heterophil counts (Fair et al.,, 2007; Lill et al., 2013). To our
knowledge, those studies are scarce, especially concerning presence of ectoparasites
in nests or infection by blood parasites, and they tend to regard adult birds, but not
nestlings. In fact, Nadolski et al. (2006), studying nestling Great Tits Parus major,
provided a fair explanation for this, in which blood characteristics develop with age
and thus significant differences are observed in blood parameters between adults
and nestlings. The same study reported that, as white blood cells counts are reliable
indicators of pathogenic and parasitic infections, in broods where fledging survival is
lower and heterophils values are higher, a bacterial infection could be present.
Dubiec and Cichoii (2001) also studying nestling Great Tits, observed that some

blood parameters (e.g. leucocyte levels) decrease as the season progresses, but not
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hematocrit. A few studies related effects of parasites and blood parameters.
Chapman and George (1991) studying Cliff Swallows Petrochelidon pyrrhonota,
observed that birds from treated nests with reduced parasite loads had lower
leucocyte, lymphocyte, heterophil and eosinophil counts when compared to birds
from untreated nests. Valera et al. (2006) studying both adults and nestlings of
Lesser Grey Shrikes Lanius minor observed that hematocrit values did not differ
between parasitised and non-parasitised individuals, but adults parasitised with
blood parasites had significantly lower sedimentation rates than unparasitised ones.
The same study reported very low prevalence of blood parasites and ectoparasites in
nestlings. Krams et al. (2010) studying adult Siberian Tits Poecile cinctus, observed no
effects of parasites on blood parameters. Granthon and Williams (2017) in a study
that included four species of songbirds, observed that parasites infection had no
effect on either hematocrit values or on heterophil/leucocyte ratio.

Other parameters, such as wing length, feather length or mass/tarsus index, are
used to assess nestlings’ condition. The mass/tarsus index was negatively related to
presence of ectoparasites in nests (Tomas et al., 2008), but no effect was observed in
the other parameters. As these parameters are used in very few studies, it is difficult
to assess their validity.

The influence of parasites on nestlings’ condition depends partially on brood size
(Mazgajski et al., 1997). Infected nestlings from smaller broods are heavier and in
better condition than infected nestlings from larger broods (Mazgajski et al., 1997;
Richner et al., 1993), mainly because smaller broods can be provisioned more
properly with food (Richner & Heeb, 1995).

In addition, the effects of ectoparasites may go beyond body condition, as most
ectoparasites often found in nests are vectors of blood parasites (Atkinson et al.,
2008; Bennett et al., 1995; Merino et al., 1997; Merino et al., 2000; Scheuerlein &
Ricklefs, 2004). Blood parasites are usually considered as low or non-pathogenic
probably because they produce chronic infections in birds (Bennett et al., 1993).
However, detrimental effects of these diseases on several bird fitness variables and
survival have been documented (Martinez-de la Puente et al., 2010; Merino et al.,

2000).
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To our knowledge, studies of blood parasites carried out on nestlings are scarce
and their results are not consensual (see Dunn et al., 2017). Cosgrove et al. (2006)
made a single positive observation of infection by Leucocytozoon. Fargallo and
Merino (2004) and Martinez-de la Puente et al. (2013) studied the same population
of Blue Tits and found Leucocytozoon and Trypanosoma in nestlings’ blood, but
differences in age of nestling sampling resulted in different prevalence results.
Merino and Potti (1995c) observed that intensity of infection in offspring is four
times higher than in adults. The study conducted by Merino et al. (1996) was the
only that related infection by blood parasites with nestlings’ condition, observing
that prevalence of Trypanosoma in Pied Flycatcher Ficedula hypoleuca nestlings
negatively affected their weight and tarsus length.

Despite the scarcity of these studies, it is possible to understand that infection of
nestlings by blood parasites is affected by several factors, such as prepatent periods
of parasites (Martinez-de la Puente et al., 2013; Merino & Potti, 1995c), annual
differences in vector abundance (Tomas et al., 2008) and differences in

immunological condition of nestlings (Martinez-de la Puente et al., 2013).

Defence mechanisms

Defence mechanisms can be viewed from either adults or offspring perspective.
Parents adopt behaviours that will reduce the probability of arrival and/or
persistence of parasites in nests and limit negative impacts on both themselves and
nestlings (Simon et al., 2005b). Nest site choice has been considered a conditioned
activity due to the presence of over-wintering parasites in nest-boxes (Mazgajski,
2007a). In several Passerine species females prefer to nest in clean and empty
nest-boxes (see Oppliger et al., 1994; Merino & Potti, 1995b; Rendell & Verbeek,
1996a) since nest-boxes with old nest material have higher parasite loads (Mazgajski,
2007b; Rendell & Verbeek, 1996b). Clutches are smaller (Mazgajski, 2007b) in boxes
with old nests and egg-laying starts later in infested nests (Oppliger et al., 1994). Yet,
presence of old nest material is important at least for some birds (Mappes et al.,

1994; Orell et al., 1993), mainly migrants, since the existence of an already built nest
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saves time and energy that will be useful at later stages of the breeding season
(Mazgajski, 2007a). The use of aromatic plants as anti-parasite defence in nests has
been documented in several studies (e.g. Dubiec et al., 2013). Among other
explanations, plants are placed in nests to avoid parasites or decrease their numbers
(Nest Protection Hypothesis; e.g. Pires et al., 2012; Scott-Baumann & Morgan, 2015)
or to protect nestlings from detrimental effects of parasites (Drug Hypothesis; e.g.
Mennerat et al.,, 2009a). Selected plants rich in volatile secondary chemical
compounds are incorporated in nests throughout the breeding season and females
chose them based on their individual preference, that is, aromatic plants present in
nests vary significantly with female identity, but only lightly with availability of these
plants in the nests’ territories (Mennerat et al., 2009b). Parental effort (nest
cleanness, food delivery, etc.) is increased under certain circumstances to meet the
needs of parasitised nestlings and counterbalance deleterious effects of parasites
(Nilsson, 2003; Tomas et al., 2008). In parasitised nests, parents tend to spend more
time in activities such as nest cleaning (Buechler et al., 2002; Hurtrez-Bousses et al.,
1998). Similarly, under high infestations parents may increase food deliverance to
nestlings (Banbura et al., 2001; Banbura et al., 2004; Hurtrez-Boussés et al., 1998;
Tripet & Richner, 1997), although Morrison and Johnson (2002) reported no
differences in parental provisioning between parasitised and unparasitised nests.
This depends directly on food availability at the time of reproduction, which means
that when food is scarce or less profitable, nestling survival might be at risk, and an
increase in mortality is expected after fledging (Simon et al., 2004).

Defence mechanisms adopted by nestlings aim to decrease or alleviate contact
with parasites present in nests (Simon et al., 2005b), leading to changes in their
behaviour or physiological responses. Begging behaviour increased by 140% in
infected Great Tit broods compared to parasite-free ones (Christe et al., 1996) and
authors concluded that sibling competition for food brought by parents is higher in
infested nests. Heeb et al (2000) observed that Great Tit nests
experimentally-infested with fleas had higher prevalence but lower intensities of
Protocalliphora. The authors explained that due to flea infestation, a change in
nestling metabolism may have produced stronger olfactory cues and therefore nests

were easily located by Protocalliphora females. A secondary explanation considered
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by the authors resides on results of two other studies in which males (Christe et al.,
1996) or both parents (Tripet & Richner, 1997) increase food delivery rates to nests
with higher infestation levels. In these cases, Protocalliphora females may be
attracted by nestlings’ calls and parents’ food delivery rates, as hypothesized by
Tomds and Soler (2016). Nestlings from parasitised nests spent more time
repositioning, preening and scratching to avoid and/or remove parasites compared
to nestlings from unparasitised nests (Hurtrez-Bousses et al., 1997; Simon et al.,
2005b). As a consequence, comfort and resting were behaviours adopted for longer
periods of time in unparasitised nests (Simon et al., 2005b).

Nestling immune response to parasites may also be considered a defence
mechanism, physiologically produced. The development of the immune system takes
several weeks after hatching (Arriero, 2009) and it may be activated to fight
pathogen and parasite infection, which is costly and functions as a trade-off with
other activities (Merino, 2010; Sheldon & Verhulst, 1996). For example, nestlings
with increased immunocompetence showed lower weight gain and a reduced
expected size at 12 days of age (Brommer, 2004). In a case of nest mite infestation,
Moreno et al. (2008) observed that nestling immune function decreased
considerably when mite infestation increased from low to moderate. Even more, the
same study reported an irregular trend of nestling immune function, considering
four increasing levels of mite infestation. The authors suggested that at the onset of
mite infestation, the immune system increases its action in response to the
infestation, but this action decreases after a certain level of infestation. Nestling
immune capacity may also depend on raising conditions (Arriero, 2009), maternal
condition during the nestling period (Tomas et al., 2007b) and parental (mostly
maternal) condition in the pre-laying period (Grindstaff et al., 2006; Moreno et al.,

2008; Reid et al., 2006; Tschirren et al., 2009).

Parents’ condition or infection status

Parents’ condition or infection status affects reproductive effort and breeding

parameters. As females spend longer periods of time in nests during incubation and
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brooding (e.g. Tomas et al., 2008), they have been mostly considered in studies on
the effect of parasites at different stages of the breeding cycle. However, in some
studies both parents (Marzal et al., 2005; Merila & Andersson, 1999; Podmokla et al.,
2014) or males alone (Norris et al., 1994; Ruiz-de-Castafieda et al., 2009) were also
considered.

Male involvement in nests is related to delivery of food to females and nest
defence (Fargallo & Merino, 2004). Early breeding males have higher levels of
infection by Haemoproteus and as they increase their reproductive effort producing
more fledglings, they become more susceptible to infection (Norris et al., 1994;
Ruiz-de-Castaneda et al., 2009).

In terms of ectoparasite abundance, Tomas et al. (2007a, 2008) observed that
nests attended by parasitised females have higher abundances of ectoparasites than
nests of unparasitised females. Moreover, Merino et al. (2000) and Knowles et al.
(2010) reported that fledging success was higher for parasite-free females.

Parasite effects on laying date have been also studied. In Blue Tits different
results have been found: Fargallo and Merino (1999) found no differences between
parasitised and unparasitised females, while Merila and Andersson (1999) recorded
that infected females started laying earlier than uninfected birds and Podmokla et al.
(2014) found that when both parents are infected, laying was delayed.

Clutch size is smaller in nests of parasitised females (Dufva, 1996; Marzal et al.,
2005; Merila & Andersson, 1999), although Fargallo and Merino (1999) observed no
difference between nests of infected and non-infected females. Dufva (1996)
observed that infected females lay smaller eggs. Infection level is increased by larger
clutches (Fargallo & Merino, 2004; Merila & Andersson, 1999) and clutch desertion is
higher in infected females (Sanz et al., 2001). Infected females hatched fewer eggs
(Dufva, 1996; Knowles et al.,, 2010; Marzal et al., 2005; Sanz et al., 2001) and
produced nestlings with smaller tarsus length (Tomas et al., 2005) and in poorer
condition (Merilda & Andersson, 1999). Some studies report that nestlings from
infected females were less affected by parasites and were in better condition than
nestlings from non-infected females (Buechler et al.,, 2002; Heeb et al., 1998;

Podmokla et al., 2014). Protection transferred via the egg from females to nestlings
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(Buechler et al., 2002) and an increase in reproductive effort by parents (Buechler et
al., 2002; Podmokla et al., 2014) are possible explanations for these results.

Contrary to the assumption reported above that parasitaemia affects
reproductive effort and breeding parameters, Norris et al. (1994), Sanz et al. (2001)
and Fargallo and Merino (2004) warned that it may be the reproductive effort that
affects parasitaemia, since a higher investment in reproduction will expose parents
to higher numbers of ectoparasites and higher stress of immune functions,

increasing probabilities of developing chronic infections and diseases.

Final remarks

The presence of parasites in nests affects nestlings in many ways producing
detrimental effects on survival and condition. Nestling mass and tarsus length are
the most frequently reported parameters to evaluate nestling condition in relation
to ectoparasites in nests and most studies report no effect or a negative effect on
these parameters. However, in order to reach firm conclusions on the effect of
parasites on birds, several factors should be controlled. For example, age of sampling,
geographical location, breeding habitat or bird densities.

Ectoparasites also act as vectors of a multitude of diseases transmitted by blood
parasites but their effects on nestling condition and survival is not completely known.
The small number of studies carried out so far on different passerine species and
differences in age of sampling preclude consistent comparisons.

Studies considered in this review revealed important knowledge about how
nestlings are affected by parasites, although many more rigorous studies are needed.
So far, information gathered is sparse, fragmented and, sometimes, contradictory.
The implementation of standardized methods (age of sampling, parameters

considered, etc.) will allow comparisons between studies to be more effective.
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Chapter 3

Condition of nestling Blue Tits (Cyanistes caeruleus) is
affected by experimental addition of aromatic plants in

large broods.

Submitted to Avian Biology Research as:
Pires, B. A,, Belo, A. D. F., Diamantino, F., Rabaca, J. E. & Merino, S. Condition of
nestling Blue Tits (Cyanistes caeruleus) is affected by experimental addition of

aromatic plants in large broods.

Abstract

Some passerines incorporate aromatic plants in their nest cups. These plants are
hypothesized to i) reduce parasite loads, mitigating deleterious effects on nestlings
(Nest Protection Hypothesis), ii) have positive effects on nestlings’ growth and body
condition (Drug Hypothesis) and/or iii) play a role in mate attraction, reflecting a
qguality that may be beneficial to nestling rearing (Courtship Hypothesis). In this
study we aimed to examine if experimental addition of aromatic plants had positive
effects in reproductive performance (number of fledglings produced and nestling
survival rate) and nestling body condition (weight and tarsus length). In addition, we
study if those potential effects were more noticeable in different brood sizes - small
and large - through an observational approach. No effect of treatment was observed
in either reproductive performance or nestling condition parameters. However, a
significant effect of year and brood size was observed regarding nestling weight
while nestling tarsus length was improved in large broods of nests supplemented

with aromatic plants.

32



Keywords

Nests, aromatic plants, Drug Hypothesis, Nest Protection Hypothesis.

Introduction

Some passerines actively incorporate fragments of aromatic plants rich in
volatile chemical compounds in the cup of their nests (Deeming & Reynolds, 2015;
Wimberger, 1984). Plants used represent a small fraction of the plants available in
the nest surrounding areas and a small part of the nest material (Clark & Mason,
1988; Dubiec et al., 2013; Mennerat et al., 2009a; Pires et al., 2012). Additionally,
they also reflect the female’s individual preference (Mennerat et al., 2009b).

These plants are hypothesized to (1) reduce parasite loads, mitigating
deleterious effects on nestlings (Nest Protection Hypothesis), (2) have positive
effects on nestlings’ growth and body condition (Drug Hypothesis) and (3) play a role
in mate attraction, reflecting a quality that may be beneficial to nestlings’ rearing
(Courtship Hypothesis) (Brouwer & Komdeur, 2004; Dubiec et al., 2013; Gwinner et
al., 2000; Wimberger, 1984).

In the case of Blue Tits Cyanistes caeruleus the Nest Protection Hypothesis and
the Drug Hypothesis are considered to explain this behaviour. Female Blue Tits start
placing aromatic plants in their nests at the onset of egg-laying and continue to do so
during the incubation and nestling stages (Lambrechts & Dos Santos, 2000), contrary
to European Starlings Sturnus vulgaris and Spotless Starlings Sturnus unicolor in
which males only bring aromatic plants to nests until egg-laying starts (Gwinner et al.,
2000; Polo et al., 2015). This behaviour suggests that these plants may have a
fitness-related effect during these stages (Mennerat et al., 2008, 2009a).

Studies regarding the relationship of aromatic plants in nests with breeding
parameters and nestlings’ morphometric indicators of condition (e.g. body weight
and tarsus length) are scarce and the few results available are far from conclusive.
Regarding breeding parameters, a previous study showed that the number of
fledglings produced is not affected by presence of aromatic plants in nests of

European Starlings (Brouwer & Komdeur, 2004), contrary to what was found in
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Spotless Starlings and Tree Swallows Tachycineta bicolor (Dawson, 2004; Shutler &
Campbell, 2007). In Blue Tits no effect of treatment on nestlings’ survival was
observed in a study carried out with 3 Corsican populations (Mennerat et al., 2008).

Studies focusing on nestling weight found no influence of aromatic plants in
nests of European Starlings (Brouwer & Komdeur, 2004; Clark & Mason, 1988; Fauth
et al., 1991), Blue Tits (Mennerat et al., 2008; Mennerat et al., 2009a, Tomas et al.,
2012), Spotless Starlings (Polo et al., 2015), and Tree Swallows (Dawson, 2004;
Shutler & Campbell, 2007). However, an increase in nestlings’ weight was observed
in European Starlings (Gwinner et al., 2000; Gwinner & Berger, 2006; Gwinner et al.,
2018), but no influence of aromatic plants on nestlings’ tarsus length was observed
in another study, on the same species (Fauth et al., 1991), nor in Spotless Starlings
(Polo et al., 2015).

When brood size is considered to compare Blue Tit nestlings’ condition between
nests supplemented or not with aromatic plants, it was observed that nestlings are
heavier in smaller broods, but nestling weight was not affected by the presence of
aromatic plants (Mennerat et al., 2008). Yet, another study documented that
nestling mass gain is positively affected by aromatic plants in enlarged broods
(Mennerat et al., 2009a).

In this study, we aim to examine if specific aromatic plants supplemented to
nests have positive effects on reproductive performance (number of fledglings and
nestling survival rate), a key feature of organisms in evolutionary ecology,
behavioural studies and conservation biology (Labocha & Hayes, 2012), and nestling
body condition (weight and tarsus length). We predict that nests supplemented with
aromatic plants would produce more fledglings, show higher survival rates and
nestlings would be in better condition as compared to control nests. An additional
objective was set to examine the interaction effect of treatment and brood size on
reproductive parameters and nestling condition, considering brood size as a proxy
for parental effort. Differences in nestling condition should be more noticeable in
large broods rather than in small ones, due to increased resource competition. For
the same reasons, a positive effect of aromatic plants should also be more

noticeable in large broods.
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Methods

Study site and field protocols

The study was conducted in four consecutive breeding seasons, from 2015 to
2018, at the Portuguese Air Force Base No. 6 - Montijo located in the left margin of
the Tagus Estuary (38°41°40.45” N, 9°02’43.55” W). The area is mostly covered with
stands of Pinus pinea L. and a few stands of Quercus suber L. and Eucalyptus globulus
Labill. Two-hundred nest-boxes were installed in pine stands 25 m apart from each
other, facing south-east, with the Tagus Estuary in the northwest side. Nest-boxes
were monitored weekly throughout each breeding season to register laying date
(March 1°t = day 1), hatching date (day 0 of nestling life), brood size at hatch (number
of hatchlings), brood size at fledging date (number of nestlings that reached 15-days
old) and nestlings’ survival rate (percent of fledglings per hatchlings). Biometric
measurements were carried out when nestlings were 15 days-old. Tarsus length was
measured using a digital calliper to the nearest 0.1 mm and weight was determined
with a PESOLA Spring scale 30 g (PESOLA Prazisionswaagen AG, Switzerland) to the

nearest 0.1 g and precision of + 0.3%.

Aromatic plant treatment

From the day the first eggs were observed in nests until nestlings were 15
days-old, an aromatic plant treatment was conducted in the occupied nest-boxes (N
= 51): every 3 days, 1 fragment of each of the 3 aromatic plants used (Lavandula
dentata L., Calamintha nepeta L. (Savi) and Dittrichia viscosa (L.) Greuter) were
deposited in 24 nests (aromatic group) and a non-aromatic herb (grass) was placed
in 27 nests (control group). These 3 plant species were used in the aromatic group
because in a previous study we have found that they were naturally placed in nests
by female Blue Tits and were used more than expected considering their availability
in the nests’ surrounding area (Pires et al., 2012). When placing each treatment in
each nest, aromatic plants observed in the nest cup, either placed by us or by the

female, were removed, to keep all nests under similar conditions.
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Statistical analysis

We studied the effects of aromatic plants and brood size on the reproductive
performance and nestling condition using a factorial ANOVA. Two classes of brood
size were established, based on the average number of hatchlings observed in the
studied population: i) small broods (below the population average number of
hatchlings); ii) large broods (above the population average number of hatchlings).

Nest treatment (aromatic/non-aromatic) and brood size were included as fixed
factors, whereas multiple parameters regarding reproductive performance (number
of fledglings and survival rate) and nestling condition (weight and tarsus length)
were included as dependent variables. Since reproductive performance and nestling
condition may change over the reproductive period and under different
environmental conditions, the sampling year (2015, 2016, 2017 and 2018) was also
included as a fixed factor and laying date as a covariable (continuous variable). A
factorial ANOVA was conducted, to determine both the main and the interaction
effects of the factors on the dependent variables. When statistically significant
results were observed, pairwise comparisons were also computed.

All quantitative results were presented as mean * SD. Statistical analysis was
performed using IBM SPSS Statistics for Windows, version 24.0 (IBM Corp., Armonk,
N.Y., USA). A significant level was set at 0.05.

Results

During our 4-year study, reproductive and nestling condition parameters (Table
2) were studied in 51 Blue Tit nests (24 aromatic nests and 27 control nests). The
average number of hatchlings in the studied population was 7.41 (N = 51); therefore,
we considered as small broods those with 7 hatchlings or less and as large broods

those with more than 7 hatchlings.
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Table 2 - Reproductive and nestling condition parameters in Blue Tit nests for both

treatments.
Aromatic nests (N = 24) Control nests (N = 27)
Reproductive parameters
Number of fledglings 7.38+1.79 6.93 +2.04
Survival rate (%) 0.97+0.10 0.96 £ 0.08
Nestling condition
Weight (g) 9.30+0.65 9.25+0.70
Tarsus length (cm) 1.83+0.03 1.82+0.04

Reproductive parameters

No effect of laying date or year was observed in either the number of fledglings
or survival rate (Table 3). Treatment also did not significantly affect the number of
fledglings or survival rate (Table 3), although higher mean values were observed in
aromatic nests for both parameters (Table 2). Nestling survival rate was not

significantly affected by brood size (Table 3).

37



Table 3 - Effects of treatment, brood size and year (fixed factors) on reproductive
parameters and nestling condition (dependent variables) using a factorial ANOVA.
Laying date was included as a covariable. Significant results are in bold. Df = degrees

of freedom, F = F-test, P = p-value.

Number of Survival . Tarsus
. Weight
Df fledglings rate length

F P F P F P F P

Laying date 1 185 0.18 173 0.20 3.62 0.07 0.50 0.8
Year 3 087 047 0.89 045 322 0.03 051 0.68
Treatment 1 024 063 031 0.58 0.002 097 1.20 0.17
Brood size 1 1690 0.002 146 0.23 450 0.04 1.03 0.32
Year x Treatment 3 053 066 083 048 040 0.76 1.79 0.17
Year x Brood size 2 0.02 098 051 060 3.00 0.06 3.31 0.06
Treatment x Brood size 1 091 035 000 097 138 0.25 5.03 0.03

Year x Treatment x Brood size 1 0.03 088 0.14 0.71 3.69 0.06 2.70 0.11

Nestling condition

Laying date did not affect any of the nestling condition parameters (Table 3).
The year did not reveal any effect on nestling tarsus length (Table 3), but nestling
weight was significantly affected (Table 3), with significant differences between 2015
and 2016 (P = 0.003) and 2015 and 2017 (P = 0.002).

Treatment did not affect nestling condition (Table 3), although higher values
were observed in aromatic nests for both parameters (Table 2). Only nestling weight
was significantly affected by brood size (Table 3), with significantly heavier nestlings
in small broods as compared to large broods (P = 0.003). The ‘treatment x brood size’
interaction revealed significant differences in nestling tarsus length (Table 3), with a
clear difference between aromatic and control nests observed in large broods

(Figure 5).
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Figure 5 - Variation in nestling tarsus length, through all study years regarding

treatment and brood size. Vertical bars denote 95% confidence intervals.

Discussion

Our results showed that the number of fledglings was not significantly affected
by either laying date, study year or treatment. In Spotless Starlings and Tree
Swallows similar results were found regarding supplementation of nests with
aromatic plants (Dawson, 2004; Polo et al., 2015; Shutler & Campbell, 2007). Dawson
(2004) did not specifically study the number of fledglings produced but observed
that nests supplemented with aromatic plants experienced lower nestling mortality
than brome grass or control nests. Similarly, nestling survival rate was also not
significantly affected by either laying date, year, brood size or treatment. Mennerat
et al. (2008) found similar results in a Corsican population of Blue Tits in which
nestling survival rate was not affected by the addition of aromatic plants in nests.

Laying date had no significant effect on either weight or tarsus length of

nestlings. But although that lack of significance was also observed with tarsus length
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and study year, weight was affected by year with significant differences between
2015 and 2016 and 2017. Similar differences were also observed in a study with
Great Tits and the author suggested that they may be due to weather conditions
affecting both parasite populations and food abundance (Allander, 1998). Another
study also reported that ectoparasites present in nests and overall weather
conditions may impair nestling development (Merino & Potti, 1996).

In our study, nestling weight did not significantly differ between treatments,
similarly to what was previously documented (Mennerat et al., 2008, 2009a; Tomas
etal., 2012). The same was found for European Starlings (Brouwer & Komdeur, 2004;
Clark & Mason, 1988; Fauth et al., 1991), Spotless Starlings (Polo et al., 2015), and
Tree Swallows (Dawson, 2004; Shutler & Campbell, 2007), when nestling weight
between nests with aromatic plants and controls was compared. However, heavier
nestlings were observed in small broods (Mennerat et al., 2008). Similarly, Mennerat
et al. (2009a) observed that nestlings from large broods had reduced weight gain, as
compared to nestlings from small broods.

Nestling’s tarsus length was also not significantly affected by treatment, which is
in accordance with results for European Starlings and for Spotless Starlings (Fauth et
al., 1991; Polo et al., 2015). In our study, however, a clear effect of treatment on
nestling tarsus length was observed in large broods. Tarsus length is a body
parameter partially inherited and the period in which it grows more rapidly is at the
beginning of nestlings’ life (Alatalo & Lundberg, 1986; Mazgajski & Kedra, 1997).
Moreover, it was also observed that nestling tarsus length may be affected by
female mating status, habitat and breeding density, through reduced parental care
and low availability of preferred prey (Alatalo & Lundberg, 1986). For example,
Blondel et al. (1998) observed that nestling tarsus length was significantly higher in
smaller broods. However, this is the first time that nestling tarsus length is related to
aromatic plants although the effect appears only in large broods. One explanation
for this result is that the effect of aromatic plants reducing parasite effects on
nestlings allows them to grow longer tarsus in spite of sharing food with more
siblings as compared to small broods.

Overall, we cannot statistically validate our initial predictions, even though

aromatic nests produced more fledglings, presented higher survival rates and their
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nestlings were in better condition. Furthermore, although the effect of treatment
was not directly observed, an underlying effect of aromatic plants should be
considered when its effect interacts with brood size, regarding nestling tarsus length.

Discussion of our results with other Blue Tit studies was difficult, because to our
knowledge, only in three papers were studied the same parameters considered in
our study (Mennerat et al., 2008, 2009a; Tomds et al., 2012). Other studies
considered Blue Tit populations (Lafuma et al., 2001; Mennerat et al., 2008, 2009b),
but in all cases reporting the effect of aromatic plants in ectoparasite populations, a
parameter not studied here. Discussion of our results with those obtained in other
bird species proved to be very important, although species considered showed a
different behaviour towards aromatic plants in nests compared to Blue Tits
(European Starlings and Spotless Starlings) or no aromatic plant behaviour at all
(Tree Swallows). In the specific case of Blue Tits, given the different results obtained,
more studies are needed, especially considering alternative parameters such as food
availability and environmental conditions, since breeding success and nestlings’
condition are most definitely dependent on both parameters. Additionally, we
cannot discard the possible effect of the development of parental behaviour, sibling
interactions (Michaud & Leonard, 2000), the importance of nest features and adult

quality on nestling condition (Alvarez & Barba, 2008).
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Chapter 4

Keeping the nest scented: selectivity of aromatic plants

in Blue Tit nests and its use through breeding stages

In preparation for submission as:
Pires, B. A., Diamantino, F., Matono, P., Rabaga, J. E., Merino, S. & Belo, A. D. F.
Keeping the nest scented: selectivity of aromatic plants in Blue Tit nests and its use

through breeding stages.

Abstract

Incorporation of aromatic plants in nests is a behaviour already observed in
many bird species. In Blue Tits, this behaviour begins with laying of the first egg,
continues throughout all breeding stages and ends when nestlings are ready to
fledge. Aromatic plants selected by females are rich in volatile compounds with
biological properties important to maintain an aromatic environment that protects
the nest, the female and the nestlings. In this study we aim to better understand the
mechanisms of selection used by females to incorporate aromatic plants in their
nests and also if incorporation of these plants vary through the different breeding
stages and how. A set of 25 nest-boxes installed in a forested area dominated by
Stone pine was monitored weekly during the breeding seasons of 2017 and 2018.
We observed that females are clearly selective regarding the plant species they bring

to their nests and the quantities in which they are used. This selectivity is not

43



entirely dependent of such plants availability, since several plants incorporated in
nests are not even present in the nests’ surroundings. Throughout the breeding
season, plants incorporated in nests vary in species and in the amount used. During
the incubation and nestling stages, more species were used and in higher quantities,
probably because both female and nestlings are bound to the nests for long periods

of time.

Keywords

Aromatic plants, selectivity, use, Blue Tits, breeding stages.

Introduction

Nest building is an essential part of the breeding cycle for most bird species
(Hansell, 2000). Nests protect the eggs, nestlings and female from predators and/or
unfavourable environmental conditions, throughout the different breeding stages
(Hansell, 2000). Materials used to build the nests reflect the variety of materials
present in the environment (Briggs & Deeming, 2016) and the size of the bird that
builds them (Deeming, 2018). In Blue Tits Cyanistes caeruleus, apart from standard
materials, such as mosses, small twigs and grasses, some females incorporate fresh
aromatic plants into their nests (Dubiec et al., 2013; Lambrechts & Dos Santos, 2000).
These plants are rich in volatile chemical compounds (Petit et al., 2002; Wimberger,
1984) and often represent a small fraction of all plants available in the nests’
surroundings (Lambrechts & Dos Santos, 2000; Mennerat et al., 2009c), suggesting a
non-random selection of these plants (Petit et al., 2002).

Blue Tit females clearly show a preference for some aromatic plant species
(Lambrechts & Dos Santos, 2000; Pires et al., 2012) and when faced with
experimental removal of aromatic plants chosen by them, they quickly react and
either replace aromatic plants observed in nests before removal or add new plants
(Lambrechts & Dos Santos, 2000). Petit et al. (2002) and Mennerat (2008)
demonstrated that females easily perceive the change in aromatic plants present in

nests using olfaction, a characteristic not widely recognized in passerine birds.
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Moreover, Mennerat et al. (2009b) found a significant variation in aromatic plant
species used among females and that this variation was female-specific, that is,
dependent on female identity. Females begin to incorporate aromatic plants into
their nests before the start of egg laying and until nestlings are fully developed
(Dubiec et al., 2013; Lambrechts & Dos Santos, 2000; Mennerat et al., 2009b).

Number of aromatic plants used increases throughout the breeding season and
reaches the highest number in the later stages (Dubiec et al., 2013; Scott-Baumann
& Morgan, 2015).

Volatile chemical compounds present in these plants are mainly essential oils,
commonly used by humans for pharmaceutical, sanitary, cosmetic, and agricultural
purposes, due to their bactericidal, virucidal, fungicidal, anti-parasitical, insecticidal,
antimicrobial, anti-inflammatory and other medicinal characteristics (Guimaraes et
al., 2010). Essential oils are obtained from different plant parts (Proenca da Cunha et
al., 2012) and constitute complex mixtures of organic compounds that proved to be
inhibitors of bacterial growth (Upadhyay, 2010), active in controlling several aspects
of insect development (Tripathi et al.,, 2009) and effective against protozoan
pathogens (Upadhyay, 2010). Field experiments revealed that nestlings’ bacterial
richness and density was significantly reduced (Gwinner & Berger, 2005; Mennerat
et al., 2009c) and fledgling growth and condition were significantly increased by the
presence of these plants (Mennerat et al.,, 2009a), but they did not reduce
infestation levels in nests (Gwinner et al., 2000; Mennerat et al., 2008).

In this study, we aim to understand if experimental addition of aromatic plants
in Blue Tit nests influences the addition of plants of their choice. Specifically, (1) if
females choose to incorporate selected aromatic plants in their nests, (2) how do
plants used relate with plants present in the nests’ surrounding areas and (3) how

that incorporation varies across the different breeding stages.
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Methods
Study area and field protocols

The study was conducted at Portuguese Air Force Base No. 6 - Montijo located in
the left margin of the Tagus Estuary (38°41°40.45” N, 9°02’43.55” W) in the breeding
seasons of 2017 and 2018. The area is covered with stands of Pinus pinea L., a few
stands of Quercus suber L. and Eucalyptus globulus Labill.

A total of 25 nest-boxes (14 in 2017 and 11 in 2018) was monitored weekly from
March to early June in both years. Nest-boxes were placed in pine trees 25 m apart
from each other, facing south-east with the Tagus Estuary in the northwest side.
Four breeding stages were considered: laying, in which females lay their eggs (the
length of this stage depends on the number of eggs each female lays); incubation, in
which females incubate their eggs (this stage lasts between 14 and 15 days);
nestlings (from hatch until pulli are 15 days-old) and fledglings (from nestlings’ 16"
day of age to fledge). During the sampling seasons, nests were checked regularly and

the number of eggs, hatchlings and fledglings for each nest-box were recorded.

Aromatic plant treatment

When breeding attempts were confirmed for each nest, and until nestlings left
the nests, 3 fragments of aromatic plants (1 fragment with ca. 0.3 cm x 0.5 cm of
each plant: Lavandula dentata L., Calamintha nepeta L. (Savi) and Dittrichia viscosa
(L.) Greuter) were placed in 12 nests (aromatic group) and grass about the same size
was placed in 13 nests (control group). We used these 3 plant species in the aromatic
group because in a previous study (Pires et al., 2012) we have found that they were
naturally added by female Blue Tits to their nests and used more than expected
considering their availability in the nests’ surroundings. The nests were visited every
3-4 days, and the aromatic plants observed in the nest cup (either placed by us or by
the female) were removed. The aromatic plants removed were kept in small paper

bags and stored for later identification and quantification. Each paper bag was
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labelled with nest identification and date of removal. This way, we were able to

ascertain the specific breeding stage in which each bag was collected from the nest.

Plants availability

The availability of aromatic plants did not change between 2017 and 2018 since
they all are perennial plants and land use in the area did not change. Therefore, the
sampling undertaken in the second year ensured a reliable evaluation of plants
availability. To estimate vegetation cover by aromatic plants, line intercept transects
were conducted in the surrounding area of the nests in the breeding season of 2018.

For each nest-box, four line transects of 25 m were established following the
four cardinal points with centre in the tree where the nest was placed. With start in
the tree and oriented towards each of the cardinal points, species of aromatic plants
touching the line were identified, and the length (m) of the projection of the
vegetative part of the plant on the line was measured as an estimate of that plant
abundance. When a species of aromatic plant was present in the nest, but not
recorded in the line intercept transect, a systematic search for that plant was carried
out with the purpose of understanding if: i) the species was present in the 25 m
circle around the tree, but not in the transect line, ii) the species was present outside
the 25 m circle and iii) the species was not observed at all, either inside or outside

the 25 m circle and up to 100 m.

Data analysis

The use of aromatic plants by females was evaluated considering the occurrence
(presence/absence of added plants) and abundance (number of times each plant
was added) of aromatic plants added by females to the nests. The use of each
aromatic species was then evaluated through the frequency of occurrence in the
nests (number of nests to which the species was added/total number of nests) and
relative abundance (total number of times each plant species was added/total

number of nests to which the species was added).
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The availability of aromatic plants in the surrounding area of the nests was also
evaluated considering the frequency of occurrence (number of transects in which
the species was observed/total number of transects) and the relative abundance
(total length of the species projected area/total length of transects) of each species.
The abundance of aromatic plants was calculated for each nest surroundings by
summing the total transect length occupied by each species in the four line intercept
transects (summing up 100 m), and then standardized into a cover percentage.

The relationship between the frequency of occurrence and the relative
abundance of aromatic species was explored graphically and through a Linear
Regression Analysis, in order to understand if the more frequent species were also
the more abundant, or not. This approach allowed a detailed understanding of the
use and availability of aromatic plants. The independence of the aromatic species
availability and use (frequency of occurrence and relative abundance) from each
treatment (aromatic/control) and sampling year (2017/2018) was evaluated using
the G-test (Sokal & Rohlf, 1995) for the total data set, and for the different breeding
stages.

Jacobs’ selectivity index (Jacobs, 1974) was used to relate the aromatic plants
used by females and their availability in the surrounding area of the nests, based on
the frequency of occurrence of each aromatic species. It was calculated according to

the formula

D= (r—p)/(r+p—2rp)

where r is the use of the species and p is the availability of the species. It varies from
-1 (strong avoidance) to 1 (strong preference) and values close to zero mean that the
species is used in accordance to its availability. Significant differences in the
selectivity of the females between aromatic and control nests were tested with the
Wilcoxon test.

Mann-Whitney test was used to compare number of visits to place the
respective treatment, number of aromatic plants used and number of visits in which
aromatic plants were collected; it was also used to compare breeding parameters
between treatments (aromatic/control) and sampling years (2017/2018). The

breeding parameters analysed included clutch size, hatching rate (number of
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hatchlings/number of eggs), number of fledglings, survival rate (number of
fledglings/number of hatchlings) and breeding success (number of fledglings/number
of eggs).

Statistical analyses were performed using IBM SPSS Statistics for Windows,
version 24.0 (IBM Corp., Armonk, N.Y., USA). The significance level was set at 0.05

for all the analyses.

Results

Use of extra aromatic plants in aromatic and control nests

Extra aromatic plants were added by females in 100% of the aromatic nests and
in 71.4% of the control nests. Fifteen aromatic plant species were used in nests of
both groups, six were only used in aromatic nests and one was only used in control
nests (Table 4). Lavandula dentata (LD), Calamintha nepeta (CN) and Dittrichia
viscosa (DV) were added to aromatic nests as part of the experiment, but females
also added DV as an extra plant in nests of both groups (hereafter mentioned as DV*
to differentiate from DV of the experiment). DV added by us and incorporated by
females (DV*) were easily differentiated from each other, since the fragment added
by us was bigger than those added by females, had a standardized shape and was
cut evenly from the leaf; the fragments incorporated by females were much smaller,
more numerous and very irregular, either in shape, size or cut. Treatment plants
were kept by females in 61.5% of aromatic nests, with CN kept in 100% of nests, DV

in 62.5% and LD in 37.5%. Grass was kept in the total number of control nests.
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Table 4 - Number of aromatic and control nests where Blue Tit females added
aromatic plant species. Abbreviations of species are in parenthesis. DV*: Dittrichia

viscosa added by Blue Tits in nests of both groups.

Aromatic plant species added by Blue Tit females Aromatic nests Control nests
Cistus salviifolius (CS) 5 2
Lavandula stoechas (LS) 9 8
Margotia gummifera (MG) 7 2
Halimium halimifolium (HH) 2 3
Thapsia villosa (TV) 4 3
Dittrichia viscosa* (DV*) 3 6
Mentha suaveolens (MS) 1 1
Erodium cicutarium (EC) 1 1
Lithodora prostrata (LP) 1 -
Halimium calycinum (HC) 2 -
Foeniculum vulgare (FV) 1 -
Thymus capitellatus (TC) 1 -
Geranium robertianum (GR) 1 -
Calluna vulgaris (CV) 2 -
Pimpinella villosa (PV) - 1

Overall, the mean number of visits to nests throughout the breeding cycle
(aromatic: N = 12, 14.38 + 0.65; control: N = 13, 14.71 £ 0.91; Mann-Whitney U test:
U = 64.00; P = 0.16), the mean number of extra aromatic plants used (aromatic: N =
12, 3.08 £ 2.29; control: N = 13, 1.93 £ 1.59; Mann-Whitney U test: U = 67.00; P =
0.23) and the mean number of visits to nests in which aromatic plants were collected
(aromatic: N =12, 4.92 + 3.28; control: N = 13, 3.79 £ 3.36; Mann-Whitney U test: U

= 71.00; P = 0.33) did not differ significantly between groups. Breeding bird
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parameters did not differ significantly between nests, when either treatment or year

was considered (Table 5).

Table 5 - Breeding parameters of Blue Tits observed in both treatment groups and

years.
Treatment Mann Year Mann
Breeding
Aromatic Control Whitney 2017 2018 Whitney
parameters
(N=12) (N=13) U (N=14) (N=11) U
U=71.50 U =68.50
Clutchsize 8.50+1.09 8.85%1.41 8.64+1.60 8.73+0.65
P=0.71 P=0.62
Hatching U =65.00 U=76.00
0.95+0.07 0.92+0.09 0.93+0.09 0.94+0.06
rate P=0.44 P=0.95
Number of U=61.50 U=67.00
8.00+1.21 7.62+1.39 7.64+1.65 8.00+0.63
fledglings P=0.35 P=0.57
Survival U =58.50 U=71.50
0.99+0.03 0.94+0.09 0.95+0.09 0.98+0.04
rate P=0.13 P=0.67
Breeding U=53.50 U=76.50
0.94+0.06 0.87+0.14 0.89+0.15 0.92+0.05
success P=0.17 P=0.98

A detailed analysis of the floristic composition used by females revealed
different patterns in the use of aromatic species (Figure 6): i) the frequency of use
was significantly different between years (G-testo17 = 180.2; G-testaois = 139.5; P <
0.001) and treatments (G-testaromatic = 443; G-testeontror = 150.9; P < 0.001); ii) the
relative abundance significantly differed between years for aromatic (G-test = 33.61;
P = 0.001) and control nests (G-test = 15.82; P = 0.025), as well as between
treatments in 2017 nests (G-test = 16.56; P = 0.05), but not in 2018 nests (G-test =
8.77; P > 0.05). Moreover, the most frequently used aromatic species were not
necessarily the most abundantly used by females, as demonstrated by the weak

linear relationship between the frequency of occurrence and the relative abundance
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for all the nest groups (year/treatment), except for control nests in 2017 (R? = 0.84)

(Figure 6).
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Figure 6 - Frequency of occurrence and relative abundance of extra aromatic plants
added by Blue Tit females in aromatic (black line) and control nests (grey line), in
2017 (top) and 2018 (bottom). Coefficient of determination (R?) is given for
relationships between frequency of occurrence and relative abundance of aromatic

species. Species abbreviations are in accordance with Table 4.

Availability and selectivity of extra aromatic plants

Ten of the aromatic plant species added by the females were present in the
surrounding area of the nests. Other 5 species (DV*, MS, EC, FV, GR) were used in
nests by females, but were not quantified by the line intercept transects. The

frequency of occurrence and the relative abundance of the available aromatic plants
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showed a strong linear relationship both in aromatic (R? = 0.63) and control nests (R?
= 0.66) (Figure 7). The most abundant and frequent aromatic species were HC, LS,
and CS, whereas the lowest values were registered for LP. However, the aromatic
plants available did not show an identical distribution pattern in the surrounding
area of aromatic and control nests (Figure 7). Differences were mostly observed in
the relative abundance of the species (G-test = 26.53; P < 0.001), and not in the
frequency of occurrence (G-test = 21.28; P < 0.01). Furthermore, the presence of MG

was only registered near aromatic nests (Figure 7).
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Figure 7 - Availability of extra aromatic plants in the surrounding area of aromatic
(black line) and control nests (grey line). Coefficient of determination (R?) is given for
relationships between frequency of occurrence and relative abundance of aromatic

species. Species abbreviations are in accordance with Table 4.

Jacobs’ selectivity index accounted for the possible influence of the availability
of aromatic plants on their selection and use by the females. Results (Figure 8) show
the existence of significant differences between aromatic and control nests
(Wilcoxon test; Z = 2.19; P = 0.028) in selection of aromatic plants added by females.

In aromatic nests, a clear preference for MG, DV*, FV, GR, MS and EC is
observed, although these plants are not available in the nests’ surroundings (DV*, FV,

GR, MS and EC) or are available, but in low quantities (MG). Additionally, an
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avoidance of HH, HC, TC and PV is observed, despite the availability of these plants in
the nests’ surroundings (Figure 8). In control nests, a selection of MG, DV*, MS and
EC is still observed. Clear avoidance of CV, HC, TC and LP is also observed, given that

these plants are available in high quantities in the nests’ surroundings (Figure 8).
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Figure 8 - Aromatic plants preferred (positive) and avoided (negative) by Blue Tit
females in aromatic (dark grey, top) and control nests (soft grey, bottom), according

to Jacobs’ Index. Species abbreviations are in accordance with Table 4.

Extra aromatic plants used in the different breeding stages

Through the different breeding stages, extra aromatic plants incorporated in

nests by females in both aromatic and control nests, varied in species, in number of
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nests where plant fragments were incorporated (occurrence) and in number of times
each plant species was incorporated in the nests (abundance) (Figure 9). In the
incubation and nestlings stages more aromatic plants were used and in higher
number of nests, in both treatments (Figure 9). Aromatic species added to nests by
females varied significantly, in all breeding stages, between aromatic and control
nests (G-testiaying = 73.84, P < 0.001; G-teStincubation = 99.11, P < 0.001; G-teStnestiings =
97.17, P < 0.001; G-testfiedglings = 73.01, P < 0.001); regarding number of times each
species was added, differences between aromatic and control nests were also
significant (G-testiaying = 10.98, P < 0.05; G-teStincubation = 11.89, P < 0.05; G-testnestiings =
20.36, P < 0.05; G-testfiedgiings = 4.01, P < 0.05).
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Discussion

In this study, we intended to understand and explore the use of aromatic plants
by Blue Tits. In all aromatic nests, but only in 71.4% of the control nests, females
added extra aromatic plants to their nests. This means that females from the
aromatic group found the need to incorporate plants of their choice, although their
nests were supplemented with fragments of 3 aromatic plants. This finding is not in
accordance with the study by Petit et al. (2002), in which females of nests
experimentally-supplemented with aromatic plants added a lower proportion of
aromatic plants of their choice, compared to females of non-supplemented nests.

Average number of visits, with or without collection of aromatic plants, did not
differ significantly between both groups, controlling for potential bias. The average
number of aromatic plants incorporated by females in nests of both groups varied,
but not significantly. However, the average number of aromatic plants used was
similar to that found by Lambrechts and Dos Santos (2000), in which 2.5 to 3
aromatic plants were found per nest on average.

Breeding parameters did not differ significantly between nests of either both
groups or study years, although higher results were obtained in nests of the aromatic
treatment, in four of the five studied parameters, and in all parameters for nests
from 2018.

Our results showed different patterns of use of aromatic plants by females, with
significant differences of use observed between years, treatments and in most of the
nest groups (year/treatment) considered. Furthermore, the aromatic plants most
frequently observed in nests were not necessarily the most abundantly used. This
means that those plants were used in a great number of nests but very few times in
each. The exception for this trend is control nests in 2017 in which many females
chose the plants and used them many times. When we looked to the availability of
these plants in the nests’ surroundings, the more frequent species in the nests’
surroundings were also the more abundant, that is, that with greater coverage.
Choosing aromatic plants and incorporating them in nests is accomplished by
females alone - they decide which plants are brought to nests and how much of each

(Mennerat et al., 2009b; Petit et al., 2002; Tomas et al., 2012). Even though the
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availability of plants is a necessity for females to use them, differences in use may be
explained by an underlying individual preference as previously observed by
Mennerat et al. (2009b).

In aromatic nests treatment plants were kept in 61.5% of these nests. Contrary
to Mennerat (2008) that incorporated aromatic plants in Blue Tit nests hidden from
the birds’ view, in our study aromatic plants were placed in the nest cup facilitating
the removal by the bird, if intended. It should be noted that these three plants were
used more than expected considering their availability in other study (Pires et al.,
2012), and therefore some kind of importance should be ascribed to them. Essential
oils present in these three plants show diversified biological activity: antimicrobial
and fungicidal in Calamintha nepeta (Proenca da Cunha et al., 2012; Flamini et al.,
1999; Marongiu et al., 2010); antibacterial, fungicidal and effective in burn cases and
insect bites in Lavandula dentata (Cavanagh & W.ilkinson, 2002, 2005) and
antibacterial, antiseptic, healing, anti-inflammatory and antiparasitic in Dittrichia
viscosa (Aissa et al., 2019; Blanc et al., 2006; Grauso et al., 2019; Parolin et al., 2014).
In Corsica, C. nepeta is naturally added to nests by females (Lambrechts & Dos
Santos, 2000; Mennerat et al., 2009a; Petit et al., 2002), as well as in Portugal (Pires
et al., 2012). D. viscosa was incorporated in aromatic nests as part of the treatment
(DV) but was also naturally incorporated in nests by females (DV*), being one of the
species incorporated more often in nests of both treatments. Interestingly, and
based on our transects, this plant was not available in the nests’ surroundings.
Moreover, when searching outside our transects, DV was rare and the few plants
found were located far from the nests in which it was used (between 35 and 100 m;
B.P. pers. obs.). This is in accordance with the results of the Jacobs’ index, in which
this plant appears as a highly selected plant in both aromatic and control nests, that
is, used in much higher quantities than its availability.

Together with DV* other 5 aromatic plants were the most abundant in nests:
Cistus salviifolius, Lavandula stoechas, Margotia gummifera, Halimium halimifolium
and Thapsia villosa. C. salviifolius’s essential oils show very low antimicrobial activity
rates when tested against several micro-organisms (Guveng et al., 2005). In our
study, C. salviifolius was used in both years and in nests from both treatments. C.

salviifolius was available in the study area and in high quantities. Jacobs’ index
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revealed that C. salviifolius is an avoided species in nests of both treatments, since it
is much more available than used. We suggest that incorporation of this plant in
nests might be more related to its high availability than to its properties as an
aromatic plant. In Corsica, another plant belonging to the genus Cistus (Cistus
creticus) is highly used in nests (Lambrechts & Dos Santos, 2000), what is explained
by the fact that, among other Cistus species, C. creticus presents the highest
antimicrobial activity (Guveng et al., 2005). Essential oils studied in L. stoechas
showed antifungal activity and anti-inflammatory properties (Zuzarte et al., 2013). In
the present study, L. stoechas was used in both treatment groups and years and was
highly available throughout the study area. Nevertheless, the Jacobs’ index revealed
that L. stoechas was a selected plant in nests of both treatments used in slightly
higher quantities than its availability. The use of this species by Blue Tit females in
our study area is in accordance with previous observations in Corsica, where it is a
highly used species (Lambrechts & Dos Santos, 2000; Mennerat et al., 2009a; Petit et
al., 2002). M. gummifera’s essential oil constitution revealed strong
anti-inflammatory properties (Valente et al., 2013). In our study, M. gummifera is
used in both years and in nests of both treatments. Its availability was sparse in the
study area, but according to Jacobs’ index it was one of the most selected plant
species by females. H. halimifolium has antioxidant, anti-inflammatory, anti-allergic
and anti-cancer activities (Rebaya et al., 2014) and in our study it was included by
females in aromatic and control nests only in 2017. Although it was fairly available in
the study area the Jacobs’ index revealed that it was an avoided species in nests
from both treatments. Essential oils studied in T. villosa revealed wide-spectrum
fungicidal activity (Pinto et al., 2017) and in our study it was incorporated in nests
from both treatments and years. Its availability was sparse in the area and when its
use was compared to its availability, the Jacobs’ index revealed that it was used in
accordance to its availability, being a selected plant in aromatic nests and a slightly
avoided plant in control nests.

Other nine aromatic plants were incorporated in nests by Blue Tit females:
Mentha suaveolens, Lithodora prostrata, Erodium cicutarium, Halimium calycinum,
Foeniculum vulgare, Thymus capitellatus, Geranium robertianum, Calluna vulgaris

and Pimpinella villosa. They were incorporated in very few nests and in lower
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quantities and their use/availability relation shows great variation, from clearly
selected to clearly avoided. H. calycinum and T. capitellatus were used in very few
nests and in low quantities, although both species were highly available in the study
area. The Jacobs’ index revealed that both species were avoided by females. C.
vulgaris, L. prostrata and P. villosa were used in very few nests and in low quantities
and their availability was also very low. C. vulgaris and P. villosa were avoided in
nests from both treatments, but L. prostrata was used according to its availability in
aromatic nests and clearly avoided in control nests. F. vulgare, G. robertianum, M.
suaveolens and E. cicutarium were not available in the study area, but still they were
used in aromatic nests (F. vulgare, G. robertianum) or in nests of both treatments (M.
suaveolens, E. cicutarium). Since none of these species were present in the study
area, the Jacobs’ index revealed that all species were highly preferable in aromatic
nests and M. suaveolens and E. cicutarium were preferable species in control nests.

The clear collection and identification of extra aromatic plants added by females
provided important information on how females incorporate aromatic plants in their
nests throughout the different breeding stages. Our observation that females start
to incorporate aromatic plants into their nests from the beginning of egg-laying is in
accordance with several other studies (Lambrechts & Dos Santos, 2000; Mennerat et
al., 2009b; Petit et al., 2002; Tomads et al., 2012). In our study, females stopped
adding aromatic plants when nestlings were prepared to fledge, which is in tune with
some previous studies (Lambrechts & Dos Santos, 2000; Mennerat et al., 2009a;
Petit et al., 2002), while Tomas et al. (2012) observed that it stops a few days after
hatching.

Extra aromatic plants added by females varied across the different breeding
stages in number of species used, in how many nests each species was used
(occurrence) and how many times each species was incorporated in nests
(abundance). Considering the multitude of biological activities aromatic plants may
present, it is understandable that species used vary across breeding stages. Aromatic
plants more interesting to females may be chosen several times and incorporated in
nests across breeding stages (present study) or even across breeding seasons
(Mennerat et al., 2009b). Some aromatic plants may be incorporated in nests several

times per breeding stage, which may happen for two different reasons: first,
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compounds present in those plants, that are what make plants important to females,
are volatile and therefore get less intense as time goes by; second, in our aromatic
plant procedure, we removed all aromatic plants present in nests every 3 days,
hence females might have been compelled to quickly replace the aromatic
environment of the nest.

Number of species used and number of times each species was used, was higher
in the incubation and nestlings stages, being in accordance with previous results
from Lambrechts and Dos Santos (2000). In both stages, females spend long periods
of time in nests, either incubating the eggs or providing warm and comfort to its
nestlings; nestlings are bound to the nest (most of the time almost completely
immobile) for their developing period until they are ready to fledge (Dubiec et al.,
2013; Scott-Baumann & Morgan, 2015). Therefore, and considering that aromatic
plants are added to nests to reduce bacterial growth (Gwinner & Berger, 2005;
Mennerat et al., 2009c) and improve nestling condition (Mennerat et al., 2009a), it is
interesting that it is in the most important stages that more aromatic plants are
added to nests and in higher quantities.

With this study we were able to show that Blue Tit females in our study area
show a selective behaviour regarding aromatic plants they bring to their nests. This
selectivity is related to the availability of such plants, but also with a certain
preference for specific plants, since some of the plants brought to nests by females
are not available in the near vicinity of nests. A clear difference in aromatic plants
used and quantities in which they are used is shown for the different breeding stages,
with more plants being used in higher quantities during the incubation and nestlings
stages. We believe that our findings support the idea of female-selectivity of
aromatic plants and the importance of its use regarding both parents and nestlings’

protection.
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Chapter 5

The heavier the better: nest weight is positively related
to reproductive parameters in Blue Tits and aromatic

plants in their nests

In preparation for submission as:
Pires, B. A., Matono, P., Belo, A. D. F., Merino, S. & Rabaca, J. E. The heavier the
better: nest weight is positively related to reproductive parameters in Blue Tits and

aromatic plants in their nests.

Abstract

Nest construction is the first stage of the breeding cycle and represents a large
component of parental investment. It reflects the builder’s characteristics and has
been shown to be related to several reproductive parameters and to life-history
traits. The incorporation of aromatic plants in nests is a characteristic behaviour of
Blue Tits. This behaviour has not been considered in studies trying to understand the
relation between female investment in nest construction, reproductive parameters
and life-history traits in this species. Our study aims to explore the relationships
between nest weight, several aspects of breeding performance, laying date, brood
mass and aromatic plants present in nests. Females laying earlier, used more

aromatic plants in their nests and females that built heavier nests incorporated more
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aromatic plants in their nests, laid more eggs, hatched more nestlings and produced
more fledglings. To our knowledge, this is the first study that considers the presence
of aromatic plants in Blue Tit nests and the relation between nest weight and

reproductive parameters.

Keywords

Nest weight, aromatic plants, Blue Tits, reproductive parameters, laying date.

Introduction

The primary function of a bird nest is to provide warm and safe conditions for
the development of eggs and nestlings (Collias & Collias, 1984; Hansell, 2000). Nest
construction is a plastic behaviour that reflects morphology and physiology of the
bird that builds it, exhibiting considerable intra-specific variation between individuals
(Deeming et al., 2019; Hansell, 2000; Jarvinen et al., 2017). It is the first stage of the
breeding cycle (Hansell, 2000) and represents a major component of parental
investment (Alvarez & Barba, 2008) revealing the builders’ quality (Mainwaring et al.,
2008), health (Tomas et al., 2006) and body condition (Soler et al., 1998). Nest size is
used as a proxy of nest quality (Alvarez & Barba, 2008) and has been shown to be
related to several reproductive parameters, such as brood size (Mgller et al., 2014),
hatching success (Tomas et al., 2006), breeding success (Moreno et al., 2010) and
life-history traits like laying date (Lambrechts et al., 2016b).

Nest building is a costly activity due to energetic demands of construction but
also because the process of building a nest is subjected to the pressure of optimizing
the timing of reproduction, which in turn is subjected to the period when food
availability is the greatest (Mainwaring & Hartley, 2008; Williams, 2012). Selection of
different nest materials is also a costly activity, highly dependent on availability of
materials (Mainwaring & Hartley, 2008), but also on experience to know where to
find certain materials and where to use it in the nest, according to construction stage.
Builders search for materials that will guarantee nest support (thicker materials,

Biddle et al., 2018b), thermal insulation (moss, Biddle et al., 2019) and thermal
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regulation (lining material, Gladalski et al., 2016), but also specific materials with
other functional significance.

Aromatic plants are part of such materials and can be included in nests to
reduce ectoparasite loads (Nest Protection Hypothesis; Scott-Baumann & Morgan,
2015), to improve nestling condition (Drug Hypothesis; Gwinner et al., 2000) or to
attract a mate (Courtship Hypothesis; Brouwer & Komdeur, 2004).

Here, we explore the relationships among (1) nest weight, (2) several aspects of
breeding performance (laying date, brood size, nestling survival rate), (3) brood mass
and (4) aromatic plant species used by Blue Tit Cyanistes caeruleus females in the
nests. Several studies have already considered interactions between the first three
variables. However, to our knowledge, the use of aromatic plants in nests has never
been considered to be part of an explanatory model of interaction between nest
features, reproductive parameters and brood mass. Two papers (Alvarez & Barba,
2008; Lambrechts et al., 2017) have defended the need to include other variables in
these studies and see what their part is in explaining results. By including the use of
aromatic plants in the model, we predict that if nest weight (i.e. nest size) is an
indication of female building effort, (1) a positive relation should be observed
between this nest feature and incorporation of aromatic plants in nests, (2) heavier
nests should be positively related with higher breeding parameters and brood mass
and (3) aromatic plants in nests should be positively related with breeding

parameters.

Methods

Between 2015 and 2018, 52 pine wood nest-boxes (width = 12 cm, depth = 15
cm, floor to entrance hole = 11 cm, entrance hole diameter = 2.6 cm) were
monitored in the Portuguese Air Force Base N.6, in Montijo. The area is covered with
stands of Pinus pinea L., and a few stands of Quercus suber L. and Eucalyptus
globulus Labill. Nest-boxes were installed in pine stands accordingly to a grid pattern
of roughly 25 m x 25 m, with the entrance hole facing south-east to avoid strong

winds from north and west.
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Nests were monitored weekly from March to mid-July to follow nest building,
laying date (March 1%t = day 1), brood size (humber of eggs), brood size at hatch
(number of eggs that hatched), brood size at fledge (number of nestlings that
reached 15 days-old) and nestling survival rates (number of fledglings/number of
hatchlings). Nests were removed from nest-boxes 22 days after hatching, once
nestlings fledged, and each one was placed in a plastic bag. After removing the
materials that were not part of the nest structure such as faeces, prey remains,
unhatched eggs and/or dead nestlings, nests were weighted with a Pesola spring
scale to the nearest 0.05 g. We used nest weight as a proxy of nest size and building
effort (e.g. Mainwaring et al., 2008 and Tomas et al., 2006).

Fragments of 3 aromatic plants ca. 0.3 cm x 0.5 cm (one fragment of each
species) were introduced in 26 nests (aromatic group) and a non-aromatic grass
about the same size in 26 nests (control group). We used Lavandula dentata (Ld),
Calamintha nepeta (Cn) and Dittrichia viscosa (Dv) in the aromatic group because in
a previous study (Pires et al., 2012) these plants were naturally placed in nests by
female Blue Tits and used more than expected considering their availability in each
nest surroundings. This procedure was carried out every 3 days from the time the
first eggs were observed until nestlings left the nests. In each visit we removed
aromatic plants detected in the nest cup, either placed by us or by the female, and
stored them in small paper bags for later identification. In the end all aromatic plants
were weighted in a Kern ABT 100-5M scale (KERN & SOHN GmbH, Germany) to the
nearest 0.00001 g.

When nestlings were 15 days-old, they were weighted with a Pesola spring scale
to the nearest 0.1 g and the sum of nestlings weight in each nest was used as brood
mass. Brood mass was used instead of other nestling weight approaches, because
we expect the total weight of nest occupants to be related with nest weight,
considering i) seasonal nest material adjustments made by the female due to
material deterioration by nestlings and ii) increasing water contents in nests affected

by presence of nestlings (Dubiec & Mazgajski, 2013; Mainwaring & Hartley, 2008).
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Statistical analysis

Mann-Whitney Test was used to compare nest weight, laying date, reproductive
parameters (brood size, number of nestlings and number of fledglings), survival rate
and brood mass between females from aromatic nests that either kept or removed
aromatic plants from the treatment from their nests. The analysis was performed
using SPSS Statistics for Windows v24.0.

A Redundancy Analysis (RDA) (Jongman et al.,, 1995) was used to explore
relationships between the weight of aromatic plant species collected from nests
(either incorporated by us or by the female), reproductive parameters, brood mass
and nest weight. This linear ordination method was selected after a preliminary
Detrended Correspondence Analysis had shown a gradient length smaller than 3 SD
(Ter Braak & Smilauer, 1998). A stepwise forward selection of plant species was used,
and the final model was tested with the Monte Carlo test under 999 permutations.
Correlations of plant species with the ordination axes higher than |0.4| were used in
gradients interpretation. Nest treatment was also included in the analysis by creating
a triplot ordination diagram where samples were coded as aromatic or control nests.
To account for multicollinearity, plant species were maintained in the models only if
their addition did not cause any Variation Inflation Factor (VIF) to exceed the value
of 3.

Based on the RDA results, Path analysis with structural equation modelling (SEM)
methodology was used to identify the most plausible interaction pathways between
nest weight, several reproductive parameters, brood mass and aromatic plant
species used by females in the nests. Species richness (S), specific diversity calculated
through Shannon diversity index (H’) and total weight of aromatic plants collected
from each nest were accounted to characterize aromatic plant use by females. Path
analysis requires the development of theoretical a priori models represented by
diagrams specifying different relationships between variables. Multiple related
equations are then solved simultaneously to test model fit and estimate parameters.

A large number of configurations were tested, trying to maximize the
explanatory power (i.e., retaining as many paths as possible) as long as all paths

were significant at P < 0.05 and the global model was acceptable, presenting good fit
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values. Each configuration was tested and the weakest paths (or non-significant)
were sequentially removed until the best model was achieved (e.g. Blanc & Walters,
2008; Spasojevic et al., 2014). The discrepancy function for the Maximum likelihood
method was used in parameter estimation. The goodness-of-fit of the models was
examined through the chi-square test, the root mean square error of approximation
(RMSEA) and the comparative fit index (CFl). The chi-square test indicates the
amount of difference between expected and observed covariance matrices. In this
case, adequate model fit is indicated by P values greater than 0.05 (Kline, 2010). CFI
is equal to the discrepancy function adjusted for sample size and ranges from O to 1
with larger values indicating better model fit. Acceptable model fit is indicated by a
CFl value of 0.90 or greater (Hu & Bentler, 1999). RMSEA is related to residual in the
model. Its values range from 0 to 1 with smaller values indicating better model fit.
Acceptable model fit is indicated by an RMSEA value of 0.06 or less (Hu & Bentler,
1999).

Prior to analyses, variables were either log (x+1) (linear measurements) or arcsin
[sqrt (x)] (percentages) transformed to improve normality. Redundancy Analysis and
Path analysis were performed using the software CANOCO 4.5 and SPSS AMOS v24.0,

respectively. The significance level was set at 0.05.

Results

Nest weight varied between 19.38 g and 60.16 g, with a mean of 38.84 g + 9.24
(SD) (N = 52). Even though aromatic plants were incorporated in aromatic nests,
females also incorporated species of their choice (Table 6). D. viscosa was added to
nests experimentally by us but also by females as an extra plant (mentioned as Dv*

to differentiate from Dv of the experiment).
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Table 6 - Number of aromatic and control nests where Blue Tit females added
aromatic plant species. The last 3 entries refer to number of aromatic nests in which
females kept each aromatic plat added by the authors. Abbreviations are indicated in

parenthesis. Dv* was naturally added by females.

Aromatic nests Control nests
Aromatic plant species found in Blue Tit nests
(N =26) (N =26)

Cistus salviifolius (Cs) 6 4
Lavandula stoechas (Ls) 17 15
Margotia gummifera (Mg) 8 3
Halimium halimifolium (Hh) 2 6
Thapsia villosa (Tv) 4 3
Dittrichia viscosa* (Dv*) 4 11
Mentha suaveolens (Ms) 1 1
Erodium cicutarium (Ec) 1 1
Lithodora prostrata (Lp) 1 1
Calluna vulgaris (Cv) 3 1
Halimium calycinum (Hc) 2 1
Thymus capitellatus (Tc) 1 1
Geranium robertianum (Gr) 1 -
Foeniculum vulgare (Fv) 1 -
Pimpinella villosa (Pv) - 1
Calamintha nepeta (Cn) 12 -
Dittrichia viscosa (Dv) 10 -
Lavandula dentata (Ld) 8 -

Aromatic plants from the treatment were kept in 58% of aromatic nests (in 15

out of 26 nests). Significant differences in laying date were observed between
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females that kept aromatic plants from the treatment in their nests (mean laying
date: April 5" + 5 days) and females that removed them (mean laying date: April 14"
+ 15 days); no significant differences were observed in any of the other parameters
considered in the analysis, although better results were observed in nests of females

that kept aromatic plants from the treatment in their nests (Table 7).

Table 7 - Nest weight, laying date, reproductive parameters (brood size, number of
nestlings and number of fledglings), survival rate and brood mass of females that
kept or removed experimentally added aromatic plants from their nests. Significant
results are in bold.

Mann-Whitney

Females that kept Females that removed

Parameters aromatic plants from the  aromatic plants from the Test
treatment (N = 15) treatment (N = 11) U P
Nest weight 39.95+6.63 37.78+7.35 64.00 0.36
Laying date 36.27+4.74 44.09 £ 14.28 44.50 0.047
Brood size 8.00+1.51 7.82+1.47 79.50 0.88
Number of
7.53+1.77 6.64 + 2.66 72.00 0.61
nestlings
Number of
7.33+1.72 6.45+2.84 75.50 0.72
fledglings
Survival rate 97.67 £6.78 96.36 £ 12.06 80.00 0.92
Brood mass 63.98 +24.35 62.09 £ 23.94 79.00 0.88

The first two axes of the RDA accounted for 40% of the total data variability
(Figure 10). These axes also revealed a good association between the weight of
aromatic plants collected from nests and the relevant environmental variables (0.65
and 0.55, respectively), explaining most of the species-environmental relation
(95.1%), thus supporting the interpretation of the results. Eight significant variables

(P < 0.05) were included in the ordination model. According to the canonical
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coefficients and inter-set correlations, axis 1 was mainly defined by Cv (r = 0.45), Ms
(r=-0.41), Hc (r = -0.42), and Lp (r = -0.40). Axis 2 was related to Ld (r = 0.5), Mg (r =
0.49), Tv (r=0.4), and Ec (r =-0.41).

The ordination diagram (triplot) showed a good spatial segregation of the
parameters in analysis, especially along the first axis (Figure 10). Conversely, the
discrimination of samples was not observed, as indicated by the overlap between
aromatic and control nests.

The output of the RDA analysis clearly distinguished three groups of parameters
associated with the weight of different aromatic plants used in the nests: (i) Laying
date was mostly associated with a high weight of Cv; (ii) Nest weight and survival
rate revealed an evident positive relationship with the weight of Mg, Ld and Tv,
while showing an inverse association with Ec; (iii) Brood mass and reproductive
parameters were positively associated with Ec, Lp, Hc and Ms, but negatively related
to Cv (Figure 10). Furthermore, results suggest an association of the second and third
groups with a richer and more diverse floristic assemblage, whereas laying date was

related to fewer aromatic plants, representing also an overall lower weight.
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Figure 10 - Ordination diagram (triplot) of the Redundancy Analysis between weight
of aromatic plants’ species used by females, nest weight, brood mass and
reproductive parameters in aromatic (black dots) and control nests (blank dots).

Abbreviations are in accordance with Table 6.

Redundancy analysis also revealed that laying date was potentially inversely
associated with brood size, number of nestlings and fledglings and brood mass
(Figure 10), that is, females laying earlier used more aromatic plants in their nests.
Moreover, nest weight showed a relation with brood size, number of nestlings and
fledglings and brood mass, that is, heavier nests are associated with higher breeding
parameters and nestling weight; survival rate was weakly related to any other
variable (Figure 10).

Since we were not able to observe a clear separation between control and

aromatic nests in the RDA diagram (blank and black dots, respectively), that is,
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control and aromatic nests did not produce different associations with the
considered parameters, they were included as a single group in the Path analysis
(not differentiated by treatment). Furthermore, individual aromatic plants were not
included in the Path analysis as individual variables, since the relationships between
parameters and aromatic species explored in the RDA are both positive and negative,
hampering the construction and interpretation of the tested models. Therefore, total
aromatic plant weight, richness and diversity were considered in the models.

Path analysis showed that reproductive parameters and aromatic plants had a
positive and highly significant association with nest weight and laying date is
negatively (and significantly) linked with aromatic plants present in nests (Figure 11).
Laying date had a negative effect on reproductive parameters and aromatic plants
had a positive effect on survival rate, but neither of the effects was significant
(Figure 11). Path analysis also revealed a negative indirect effect (not in the figure) of

laying date on nest weight (-0.27) and brood mass (-0.44).
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Figure 11 - Path diagram of the selected model explaining the interactions between
nest weight, reproductive parameters, laying date, survival rate, brood mass and
aromatic plants used in the nests y ?(32.93, Df =31, P =0.37); RMSEA = 0.03; CFl =
0.99. Direct standardized regression coefficients between variables are shown on

each arrow; significant values are indicated: P < 0.05 (*) and P < 0.01 (**).
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Discussion

We aimed to understand how Blue Tits’ nest features in nest-boxes are related
with several aspects of breeding performance, brood mass and aromatic plant
species used by females in the nests. Among the different nest measures, we chose
to use nest weight, reported by Mainwaring et al. (2008) and Tomas et al. (2006) as a
reliable indicator of nest size. Other studies used different nest measures, such as
nest height (Jarvinen et al., 2017; Lambrechts et al, 2016b), nest volume
(Lambrechts et al., 2017) and nest base area (Mgller et al., 2014). In the context of
this discussion, we will compare our results directly with results that used different
nest measures, since ultimately all nest measures were considered to be reliable in
the framework of the respective studies.

Laying date was negatively and significantly related with the presence of
aromatic plants in nests, that is, females laying earlier used more aromatic plants in
their nests. This can be explained by the fact that, similar to what Tomas et al. (2012)
observed, females that breed earlier in our study area, are adult females and
therefore more experienced to i) select breeding sites with higher availability of
aromatic plants (Alvarez et al., 2013); ii) be more skilled in collecting aromatic plants
and incorporating them in their nests; iii) incorporate more aromatic plants in their
nests instead of adopting different behaviours of ectoparasite avoidance and nest
sanitation (see Hurtrez-Bousses et al., 2000; Simon et al., 2005b). Our findings clearly
support the results obtained by Tomas et al. (2012), according to which 1% year
breeders reproduce later in the season and their nests are more parasitised by
blackflies and biting midges; since earlier breeders use more aromatic plants in their
nests than later breeders, this can cause the former to be less attacked by parasites
than the latter. Nonetheless, Tomds et al. (2012) also observed that the
incorporation of aromatic plants in nests is independent of female age.

In addition to this, our results also show that females from aromatic nests that
kept aromatic plants from the treatment in their nests, started breeding significantly
earlier compared to females that removed aromatic plants provided by us from their
nests. This finding suggests that females laying earlier used more aromatic plants in

their nests. A possible explanation might be that early-breeding females are more
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stressed to manage resources (find a suitable nest site, food provisioning, etc.) in the
first part of the breeding season and therefore chose to keep aromatic plants from
the treatment in their nests to save time searching for other aromatic plants.

Ultimately, one final consideration must be made: the behaviour of
incorporating aromatic plants in nests is an individual choice of each female and
some birds may choose not to use aromatic plants or use lower/higher quantities of
aromatic plants in their nests.

In our study, heavier nests were associated with larger broods and higher
number of nestlings and fledglings. Assuming that heavier nests take more time to
be built it seems that when females invested more time in building a heavier nest
they laid more eggs, hatched more nestlings and produced more fledglings. This
positive relation between nest weight, productivity and breeding success was also
observed by Alvarez and Barba (2008) and Lambrechts et al. (2017). Alvarez and
Barba (2008) likewise observed that breeding success was positively related to nest
quality (measured by its weight and height), pondering whether the nest quality
itself will not have a direct effect on breeding success. Nonetheless, other studies
reached different results, with number of nestlings and number of fledglings being
negatively related to nest size (Lambrechts et al.,, 2016a; Moreno et al., 2010).
Moreno et al. (2010) even suggested that females and nestlings benefit from nest
size in opposite ways. Females clearly benefit from larger nests, since they allow
them to reduce incubation costs; nestlings, on the other hand, benefit from reduced
construction costs, since it improves female parental care in the first stages of
nestling life.

Females that built heavier nests also used more aromatic plants in their nests,
which is in accordance with our initial prediction. As seen before, heavier nests also
produced more fledglings and aromatic plants present in nests had a positive effect,
although not significant, in nestling survival rate. Nest building and the incorporation
of aromatic plants in nests are carried out by females alone and both activities are
considered female-traits to alter features of parental investment (Tomas et al., 2013).
Ultimately, nest construction and incorporation of aromatic plants in nests are costly
behaviours that can be positively or negatively influenced by many female-related

traits (see Mainwaring et al., 2008; Mainwaring & Hartley, 2009; Tomas et al., 2006).
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After nest construction, offspring provisioning may be impaired by females and,
therefore, hamper nestling development and reproductive success as previously
shown by Merino et al. (1998) and Moreno et al. (2010).

Path analysis also reported direct and indirect effects that were not significant.
From those, the negative indirect effect of laying date on nest weight and brood
mass requires some explanation. First, both relations were included in the
theoretical Path model created initially, but since the model’s goodness-of-fit was
impaired, they were removed; nonetheless, the final model included both relations
as indirect effects. Second, results on nest weight being negatively related to laying
date are in accordance with Mgller et al. (2014) but differ from those obtained by
Britt and Deeming (2011) and Lambrechts et al. (2016b, 2017). Regarding relation
between brood mass and nest weight, our results are in agreement with Jarvinen et
al. (2017). Ultimately, these results are explained by the fact that females that breed
later in the season experience a decline in reproductive success (Verhulst & Nilsson,
2008) and nestling condition (de Lope et al., 1998).

In last, this study provided new and important insights on the relations between
nest weight, reproductive parameters and aromatic plants in Blue Tit nests. Nest
weight proved to be a reliable predictor of female building effort, establishing
positive and significant relations with reproductive parameters and with presence of
aromatic plants in nests. Considering these results (and others similar), future
studies should focus on particular nest features (e.g. materials used in nest
construction, building structure) and investigate which relations are established in an

explanatory model similar to the one used in this study.
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Chapter 6

General Discussion

Since the seminal work of Wimberger (1984), the use of aromatic plants by some
bird species has been intensively studied (e.g. Dubiec et al., 2013). Throughout the
years several hypotheses have been formulated to explain this behaviour, but it is
now widely accepted that birds incorporate aromatic plants in their nests as a
defence mechanism to avoid presence of ectoparasites and/or pathogens in nests.
Aromatic plants are believed to decrease parasite numbers (Nest Protection
Hypothesis; Scott-Baumann & Morgan, 2015) and enhance nestling immune function
(Drug Hypothesis; Gwinner et al., 2000), improving nestling growth and condition.

The need to supplement nests with aromatic plants has its origin in the fact that
parasites in nests produce detrimental effects on their hosts, mainly tissue damage
and blood consumption (chapter 2; Allander, 1998; Hurtrez-Boussés et al., 1997;
Johnson & Clayton, 2003; Tomas et al., 2007b). Nestling condition parameters
(especially nestling weight and tarsus length) have already been shown to be
negatively affected by presence of ectoparasites in nests (chapter 2).

Nest site choice, and especially the avoidance of nest sites with old nest material
are defence mechanisms adopted by parents to reduce the chances of arrival and/or
persistence of parasites in their nests (chapter 2; Mazgajski, 2007a, 2007b).

Regarding the presence of aromatic plants in Blue Tit nests, many studies have
focused on how they affect nestling condition and development (e.g. Mennerat et al.,
2008, 2009a, 2009c). Presence of aromatic plants in nests positively affected
nestlings’ mass gain, feather development and hematocrit levels (Mennerat et al.,
2009a) and significantly reduced nestling bacterial loads, especially under high

infestation of Protocalliphora blow fly larvae (Mennerat et al., 2009c). When brood
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size is taken into consideration, nestlings are heavier in smaller broods (Mennerat et
al., 2008; chapter 3), have increased mass gain, feather development and body size
(Mennerat et al., 2009a). When presence of aromatic plants interacts with brood
size, nestling tarsus length is positively and significantly affected by presence of
aromatic plants in large broods (chapter 3). That is, aromatic plants might work by
reducing parasite loads, which allowed nestlings to grow longer tarsi, even though
food and parental care available for each nestling was much less in large broods as
compared to small broods.

In all these studies - Mennerat et al. (2008, 2009a, 2009¢) and chapter 3 -
aromatic plants considered in aromatic nests were experimentally incorporated in
nests by the authors through an aromatic plant procedure and were chosen because
they are often found in Blue Tit nests, naturally placed by the female. In chapter 3,
Lavandula dentata, Calamintha nepeta and Dittrichia viscosa were chosen because
they were naturally incorporated by females in a previous study (Pires et al., 2012)
and were found in nests in higher quantities than expected, considering their
availability in the surrounding areas of nests.

In chapter 3, no effect of presence of these aromatic plants in nests was
observed in either reproductive parameters (number of fledglings and nestling
survival rate) or nestling condition (nestling weight and tarsus length). However, in
chapter 4 we found that an importance should be attributed to these plants, since
they were kept in 61.5% of the studied aromatic nests; that is, given the choice of
keeping or removing these three aromatic plants from their nests, females chose to
keep them. In fact, Calamintha nepeta was kept by the females in 100% of nests,
Dittrichia viscosa in 62.5% and Lavandula dentata in 37.5%. Essential oils present in
these plants show various biological activities, such as antimicrobial, fungicidal,
antibacterial, antiseptic, healing, anti-inflammatory and antiparasitic (Cavanagh &
Wilkinson, 2005; Grauso et al., 2019; Proenga da Cunha et al., 2012), which can
explain why they were kept in nests.

In chapter 4, it was also observed that, even though aromatic nests were
supplemented with specific aromatic plants, females still added aromatic plants of
their choice, which is exactly the opposite of what was observed in a previous study

(Petit et al., 2002). The pattern of use of aromatic plants incorporated in nests by
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females was very diverse, either between years (2017 and 2018) or treatments
(aromatic and control nests). Comparison between the use of some species and their
availability revealed that (1) some of the plants incorporated in nests by females
were not present in the nests’ surroundings, (2) some plants were highly available,
but females chose not to use them and (3) significant differences were observed for
the use/availability relation between aromatic and control nests. A total of 15
aromatic plants were used in aromatic and control nests, but six were incorporated
in a higher number of nests (Cistus salviifolius, Lavandula stoechas, Margotia
gummifera, Halimium halimifolium, Thapsia villosa and Dittrichia viscosa). The
relation between use and availability of each aromatic plant in aromatic and control
nests, studied through Jacobs’ Index, revealed preferable and avoided plants in
aromatic and control nests.

The study presented in chapter 4, also allowed the understanding of how
aromatic plants are used across the different breeding stages. Results obtained were
very similar to others achieved by several other studies (Lambrechts & Dos Santos,
2000; Mennerat et al., 2009a, 2009b; Petit et al., 2002; Tomas et al., 2012),
reinforcing the idea that more aromatic plants (and in higher quantities) are added
to nests when females and nestlings are present in nests for longer periods of time,
that is, in the incubation and nestlings stages.

Results achieved with this study (chapter 4) reinforce two major notions
regarding use and selectivity of aromatic plants by female Blue Tits. First, biological
activities identified from the essential oils present in the aromatic plants used by
females, clearly explain why females actively searched for them. Second, the process
of choosing and incorporating aromatic plants in nests is made by females alone and,
since in our study availability of these plants did not entirely explain why they were
used, an underlying effect of female individual preference must be considered
(Mennerat et al., 2009b).

In a way, similar to nest construction, the incorporation of aromatic plants in
nests represents an aspect of female effort. In Blue Tits, if a study aims to
understand how female building effort relates to several aspects of breeding

performance, aromatic plants should be included in that relation.
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In chapter 5, the use of aromatic plants by females was associated to
parameters related to female building effort (i.e. nest weight), laying date,
reproductive parameters (brood size, number of nestlings, number of fledglings and
nestlings’ survival rate) and brood mass. Relations of nest weight with some of the
parameters mentioned above, or similar, were already investigated in previous
studies (Alvarez & Barba, 2008; Lambrechts et al., 2016b, 2017; Mgller et al., 2014;
Moreno et al.,, 2010; Tomds et al., 2006). However, to our knowledge, specific
studies that focused on Blue Tits did not acknowledge the behaviour displayed by
this species of incorporating aromatic plants in nests, which are an important
component of the nest.

This study used two different but complementary methodologies to understand
how the different parameters considered are related: Redundancy Analysis (RDA)
and Path analysis with Structural Equation Modelling. The RDA worked as a
preliminary analysis of the relation between all parameters considered and the
different aromatic plants incorporated in nests by the authors and by the female.
This methodology allowed us to understand that in the Path analysis (1) aromatic
and control nests should be considered as a single group, since we did not observe
differences in the associations that each group established with the considered
parameters and (2) aromatic plants should be considered as a single group and not
individually, since the relations between the different aromatic plants and the
parameters considered were, most of the times, antagonistic (either positive or
negative). Nonetheless, four results of the RDA alerted us to important relations to
take into account, while constructing the Path model: i) laying date was related to
fewer aromatic plants (lower weights); ii) laying date was related to reproductive
parameters and brood mass; iii) nest weight was related to reproductive parameters
and brood mass and iv) survival rate was weakly related to any other variable. All
these relations were included in the Path analysis. Even though the model suffered
several changes to guarantee the best model fit possible, results produced were in
tight accordance with the results observed in the RDA: i) nest weight was positively
and significantly related to reproductive parameters and aromatic plants; ii) laying
date was negatively and significantly related to aromatic plants and negatively

related to reproductive parameters; iii) aromatic plants were positively related to
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survival rates and iv) laying date was indirectly and negatively related to nest weight
and brood mass.

From these, two significant relations were extracted from the selected model.
First, females laying earlier in the season, use more aromatic plants in their nests.
This can be explained by the fact that perhaps females breeding earlier in our study
area, may be older females (following Tomas et al., 2012) and, due to experience,
may select breeding sites with more aromatic plants available (Alvarez et al., 2013),
may be more skilled at collecting aromatic plants and/or may choose to incorporate
more aromatic plants in their nests instead of adopting other behaviours of
ectoparasite avoidance and nest sanitation (see Hurtrez-Bousses et al., 2000; Simon
et al., 2005a). Additionally, our results also show that females from aromatic nests
that kept aromatic plants from the treatment in their nests, started laying
significantly earlier as compared to females that removed aromatic plants from the
treatment from their nests, which can contribute to explain this first main result.

Second, nest weight was significantly and positively related to weight of
aromatic plants and reproductive parameters. And this is an expected result,
assuming that incorporation of aromatic plants in nests is a trait of female building
effort, that is, females that increase building effort in nest construction will invest
more time in aromatic plant collection (Tomas et al., 2013). Similarly, females that
invested more time building a nest laid more eggs, hatched more nestlings and
produced more fledglings as also observed by Alvarez and Barba (2008) and
Lambrechts et al. (2017). A non-significant result, relevant in explaining these
relations, was that aromatic plants present in nests had a positive effect on nestlings’
survival rate. Apart from this non-significant result, relation between these three

parameters was highly expected.

Conclusions and future research

The set of studies presented in this thesis allowed a better understanding of two
major issues that have led to a large number of studies in recent years: how nestlings
of cavity-nesting birds are affected by parasites (chapter 2) and how aromatic plants

are used by Blue Tits in their nests (chapter 3, 4 and 5).
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Regarding the first issue, literature reviewed helped us to understand that
nestlings are affected by parasites in a multitude of ways: i) ectoparasites present in
nests that establish a direct contact with nestlings, ii) blood parasites, transmitted by
ectoparasites present in nests, and iii) through parents’ infection status and
condition. To mitigate the negative impacts of parasites, both parents and nestlings
adopt different defence mechanisms that will either reduce the probability of arrival
of parasites or alleviate contact with parasites. Nonetheless, our review also showed
that more studies are needed because the information is still sparse, fragmented and
contradictory. Topics such as how nestlings are affected by blood parasites require
more studies, because the existing ones are few, making it difficult to reach firm
conclusions. Adoption of standardized methods will also allow more comparable
results.

Regarding the second issue, we believe the three studies carried out enriched
the current knowledge on the topic. The results obtained gave scientific support to
previous studies, but have also considerably improved our knowledge of the subject
to date by including new study variables, new methodologies and new ideas. Thanks
to the joint data from previous studies and those presented here, it is now clear that
aromatic plants in nests benefit nestlings' development and condition. Selectivity of
aromatic plants by females and the periodicity with which aromatic plants are
included in nests were already known, but not with the level of detail that the
studies presented here provided. The relation between nest features (e.g. nest size)
and several reproductive parameters was also previously known but, in Blue Tits, the
addition of parameters related to aromatic plants, proved to be useful and
interesting to better understand how these variables, that are fundamental to
nestlings’ condition and development, interact.

For a better understanding of how female Blue Tits use aromatic plants and how
their inclusion in the nests influences reproductive parameters and nestlings’ body
condition and development, the variation in weather conditions must be considered
in future studies. Not only because biodiversity is facing a crisis, amplified by the
effects of climate change, but also because the variation in weather conditions will

surely affect the availability of resources (food, materials used in nest construction,
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etc.) and it will be important to witness how species with such specific behaviours

will adapt.
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Appendix

List of aromatic plants incorporated in nests by the authors and by the females. Species are in alphabetical

order.

Calamintha nepeta

Calluna vulgaris

110



Cistus salviifolius

Cistus salviifolius | AJ Pereira

Dittrichia viscosa

Erodium cicutarium

111



Foeniculum vulgare

Geranium robertianum

Halimium calycinum

112



Halimium halimifolium

4. www.flora-on.pt

Lavandula dentata

Lavandula stoechas
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Lithodora prostrata

Margotia gummifera

Mentha suaveolens

114



Pimpinella villosa

Thapsia villosa

. flora-onpt

Thymus capitellatus
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Photos of Calamintha nepeta, Calluna vulgaris, Cistus salviifolius, Dittrichia viscosa, Erodium cicutarium,
Foeniculum vulgare, Geranium robertianum, Halimium calycinum, Halimium halimifolium, Lavandula
stoechas, Lithodora prostrata, Margotia gummifera, Mentha suaveolens, Pimpinella villosa, Thapsia villosa

and Thymus capitellatus are from www.flora-on.pt, accessed on February 19, 2020.

Photos of Lavandula dentata are from https://jb.utad.pt/especie/Lavandula dentata, accessed on

February 19, 2020.
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