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ABSTRACT

Many bird species add to their nests fresh green plant materials, such as leaves or branches of
herbs, shrubs and trees. This greenery does not form part of the main structure of the nest and
is generally incorporated as a lining layer in the nest cup. The plant species used as lining
material often comprise a small subset of those available in the environment and tend to be
rich in volatile aromatic compounds, many of which are secondary metabolites involved in
defence against insects. In addition, the nest decoration with green plant material seems to be
more prevalent amongst birds that re-use nests over multiple years. These observations have
led to the hypothesis that the greenery used in nest decoration acts as a natural insecticide,
protecting nestlings from ecto-parasites. Alternatively, the nest decoration may form part
of the extended phenotype of the adult birds, advertising individual or territory quality to
prospective partners signalling territory occupation to potential intra-specific competitors.
We aim to test the ecto-parasite avoidance and extended phenotype signal hypotheses in the
black sparrowhawk (Accipiter melanoleucus), a widespread African Accipiter. We show
that the timing of nest decoration is consistent with the ecto-parasite avoidance hypothesis,
with greenery cover peaking during the nestling stage. However, higher greenery cover
during the nestling stage was not associated with decreased prevalence of the haemosporidian
parasites Haemoproteus nisi and Leucocytozoon toddi. Greenery cover was lowest during
the pre-laying stage, showed no relationship with age of the parents and was lower in dark
morph females, which are expected to be more aggressive, thus refuting the hypothesis that
the greenery acts as an extended phenotype signal.
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INTRODUCTION

Among vertebrates, the breeding biology of birds is distinctive in that all species are oviparous
(Blackburn and Evans 1986), laying relatively large eggs (10 – 20% body mass; c.f. < 3%
for reptiles, Wesolowski 1994). Biparental care is pervasive, occurring in 90% of species
(Hansell 2000). In most bird species, parental care includes incubation of the eggs and the
construction of a nest (Wesolowski 1994). Nest sites serve a functional role in that they
provide a safe location for incubation of eggs and, in altricial species, rearing of young. As
such, nests are constructed to maximise the fitness of the incubating parent and offspring by
providing protection from competitors, predators and adverse weather conditions (Hansell
2000).

As visually conspicuous features of the environment resulting from construction be-
haviour, nests can be thought of as part of the avian extended phenotype (Dawkins 1982;
Schaedelin and Taborsky 2009). Beyond their obvious protective function, nests may play a
role as extended phenotype signals (sensu Schaedelin and Taborsky 2009), whereby breeding
adults aim to communicate some level of their own fitness through the nest itself. Putative
signalling functions are often difficult to discern from to the obvious protective function
of avian nests. However, certain characteristics of nests can acquire a signalling function,
particularly during the early construction phase and pre-laying period when nests are not yet
fulfilling the function of protecting eggs and chicks. For example, in Eurasian penduline tits
(Remiz pendulinus), Grubbauer and Hoi (1996) show that nest size is a reliable indicator of
insulation capacity and nest quality, and that females preferably choose males which build
relatively bigger nests. Perhaps the best known examples of an extended phenotype signal
are the elaborately decorated bowers constructed by male bowerbirds (Ptilonorynchidae).
Although they are not nests by definition, they are an important component of courtship
behaviour and have an important role in female mate choice (Frith and Frith 2004). The
number of decoration items has been shown to be positively correlated with courtship and
mating success in the spotted bowerbird (Chlamydera maculata) (Borgia 1995; Madden
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2003). Male great bowerbirds (Ptilonorynchus nuchalis) make use of an optical illusion
known as forced perspective, the quality of which is a good predictor of mating success
(Kelley and Endler 2012a) and is actively maintained at individual-specific specific levels
that are consistent across time (Kelley and Endler 2012b), thus reinforcing the idea that the
bowers act as extended phenotype signals.

Convincing examples of nests acting as extended phenotype signals include cases where
multiple nests or additional nest-like structures are built. For example, many raptors construct
multiple conspicuous and highly visible nests that are widely dispersed within territories
(Newton 1979). This is hypothesised to advertise territory occupancy and boundaries, as well
as signal ability and willingness to defend a territory to conspecifics and other competitors
(Ontiveros et al. 2008; Sergio et al. 2011).

Nests are constructed using a variety of materials. In particular, nests located in trees must
be constructed such that they are able to safely contain the eggs while remaining anchored
(Hansell 2000). In cup-nesting species, this is achieved by a structural layer, often comprising
dry sticks or branches. In most species, the nest is then lined with other materials that do
not contribute to the structural layer. These materials are often soft items such as feathers
or fur (Hansell 2000), but can include man-made objects (Sergio et al. 2011), herbivore
dung (Levey et al. 2004), snake skins (Trnka and Prokop 2011) and stones (Moreno et al.
1994). While such activities may fulfil direct functions such as predator avoidance through
scent-masking (Schuetz 2004), they are often thought to serve as extended phenotype signals
of individual quality (Moreno et al. 1994; Sergio et al. 2011).

In many bird species, green plant material is used to line the nest. Examples span a broad
taxonomic range, including passerines (Clark and Mason 1985; Petit et al. 2002), raptors
(Dykstra et al. 2009; Malan et al. 2002; Newton 1979; Ontiveros et al. 2008; Wimberger
1984), ibises (Kopij 1999; Senma and Acharya 2010) and storks (Rodgers et al. 1988).
Various hypotheses have been proposed to explain this behaviour. One idea is that the
delivery of greenery to the nest is a component of courtship behaviour and hence functions
as an extended phenotype signal of individual quality (Dubiec et al. 2013). This hypothesis
has received much attention, particularly in cavity-nesting European and spotless starlings
(Sturnus vulgaris and S. sturnus). In starlings, only the male supplements the nest with
greenery, usually in the presence of a reproductively active female (Brouwer and Komdeur
2004; Clark and Mason 1985; Gwinner 1997; Kessel 1957; Veiga et al. 2006). The behaviour
has, however, also been observed in the presence of conspecific males, suggesting a possible
role in signalling nest occupancy (Brouwer and Komdeur 2004; Eens et al. 1993; Gwinner
1997). The delivery of greenery in starlings also seems to show an association with the
hormonal status of the male. In European starlings, males with experimentally elevated
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testosterone levels delivered more greenery to nests than control males (De Ridder et al.
2002). In the spotless starling, polygynous males have higher testosterone levels and deposit
more greenery than monogamous males (Veiga et al. 2001; 2006). As testosterone level is
a strong predictor of aggressive behaviours (De Ridder et al. 2002), greenery may signal a
male’s superiority in terms of nest defence behaviour (Dubiec et al. 2013).

Plant species used in nest decoration often comprise only a small subset of those available
in the environment and tend to contain high concentrations of volatile aromatic compounds
(Clark and Mason 1985; Lambrechts and Dos Santos 2000; Mennerat et al. 2009; Petit
et al. 2002; Wimberger 1984). These compounds are secondary metabolites in plants, many
of which are involved in defence against insects, acting as repellents, toxicants or growth
inhibitors (Jacobson 1982). Nest decoration with greenery has also been shown to be
especially common amongst birds that re-use nests over multiple years (Scott-Baumann
and Morgan 2015). For example, the behaviour is particularly common among raptors
and has been found to be correlated with nest re-use in 49 European and North American
raptor species (Wimberger 1984). Species re-using the same nests over multiple years
are thought to face increased parasite burdens through overwintering of parasite larvae
(Wimberger 1984). This, in conjunction with selective use of plant species rich in aromatic
compounds, has led to the hypothesis that nest decoration with greenery functions as a
natural insecticide, conveying protection against ecto-parasites and the diseases that they
may transmit (Dubiec et al. 2013). Although this may be relevant to adult birds during
incubation, when they spend large amounts of time on the nest, it is thought to be particularly
important for nest-bound chicks, which are more vulnerable to the negative effects of nest
parasites. For example, haematophagous mites can retard nestling growth or even cause death
through exsanguination in high-density infestations (Proctor and Owens 2000). Interestingly,
Botelho et al. (1993) observed chicks of the Mississippi kite (Ictinia mississippiensis) actively
transporting greenery deposited by parents on the nest perimeter to the centre of the nest and
working it into the nest cup themselves. This shows that chicks may play an active role in the
behaviour, at least in some species, and implies that the chicks may derive some benefit from
the greenery.

Although the hypothesis that nest decoration with greenery acts as an ecto-parasite
avoidance mechanism was first proposed more than 30 years ago (Wimberger 1984), it
remains poorly studied in raptors. Some studies suggest that greenery is effective in reducing
the abundance of certain nest parasites. For example, in Bonelli’s eagles (Hieraaetus
fasciatus), Ontiveros et al. (2007) found that breeding pairs actively selected greenery from
pines (Pinus pinaster) and showed the amount of greenery to be correlated with reduced
abundance of blow-fly larvae (Protocalliphora spp.) and increased breeding success. Red-
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shouldered hawks typically line their nests with greenery from black cherry (Prunus serotina),
a species which comprises only 4 – 5% of surrounding tree assemblages (Dykstra et al. 2009).
Black cherry is cyanogenic, releasing hydrogen cyanide and other volatile compounds during
wilting (Conn 1979), some of which have demonstrable repellent effects on insects (Peterson
et al. 1987), further suggesting that this greenery could indeed serve a function of reducing
parasite loads in the nest.

Other findings, however, provide less support for the ecto-parasite avoidance hypothesis.
In an observational study on the broad-winged hawk (Buteo playpterus), the amount of
greenery on nests did not differ significantly between the last two weeks of incubation and
the two-week period after all eggs had hatched Lyons et al. (1986). It was predicted that the
greenery would increase if it were important for protection during the nestling phase. On the
other hand, it must be noted that these findings might also arise if protection from parasites
was also important for the incubating female. However, broad-winged hawks do select
greenery that does not contain particularly high amounts of volatile compounds, preferring
instead plants with flat, leathery leaves (Heinrich 2013). Thus, it seems unlikely that greenery
acts as an insecticide in this species and it is instead thought to reinforce the nest structure
over multiple years (Lyons et al. 1986) or retard the decomposition of their relatively large
mammalian prey by providing a clean surface through continuous replenishment of the nest
lining (Heinrich 2013).

The black sparrowhawk (Accipiter melanoleucus) is the largest African member of the
genus Accipiter and has a broad geographic distribution, occurring throughout much of
sub-Saharan Africa (Ferguson-Lees and Christie 2001). Black sparrowhawks line their nests
extensively with greenery, which continues to be added throughout incubation (Hockey et al.
2005; Malan et al. 2002; Tarboton 2011). The species also displays discrete plumage poly-
morphism (dark and light morph adults), with morph frequency varying clinally across its
South African range from 20% dark morph birds in the southeast to 80% on Cape Peninsula
(Amar et al. 2013; 2014). Amongst adult black sparrowhawks in the breeding population of
the Cape Peninsula, Lei et al. (2013) found the prevalence of two common haemosporidian
parasites to be high (72% infected with Haemoproteus nisi and 59% infected with Leucocyto-
zoon toddi). Furthermore, they demonstrated significant differences in parasitaemea between
the two morphs, with a 3-fold higher H. nisi infection intensity in light morph adults relative
to dark morph birds. This may be attributed to increased expression of the gene coding for
melanin production, MC1R, in dark morph birds as the gene is thought to have pleiotropic
effects on aspects of immune function (Neumann Andersen et al. 2001; Roulin et al. 2000).

In a previous study exploring nest decoration in black sparrowhawks, Malan et al. (2002)
showed that delivery of greenery to the nest increased after parasite loads were experimen-
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tally elevated by securing an insect attractant (rotting meat) to the periphery of the nest.
Furthermore, they observed an outbreak of haematophagous mites (Ornithonyssus bursa) at
one of two study nests a month after delivery of greenery ceased. They suggested that nest
greenery in this species most likely functioned to reduce parasite burdens on the nest.

In this study, we explore the function of green plant material in the nests of black
sparrowhawks. We aim to test the following hypotheses:

1. Greenery in the nests of black sparrowhawks functions as a natural insecticide, specif-
ically to reduce the abundance of dipteran vectors which are known to transmit two
haemoparasites that infect black sparrowhawks (Haemoproteus nisi and Leucocyto-
zoon toddi). If this hypothesis is correct we predict that the prevalence of these blood
parasites will be lower in nests which have more greenery in them during the nestling
period. Furthermore, we predict that the amount of greenery will be highest during the
nestling period and possibly also during the incubation period (if also protecting the
female parent) and lower during the pre-lay and post-fledging periods.

2. The greenery acts as an extended phenotype signal, conveying information about
individual quality to prospective partners and/or about territory occupation to potential
intra-specfic competitors. If this hypothesis is correct, we predict that the delivery of
greenery will peak early in the breeding season (i.e. during the pre-laying period) and,
if acting as a true signal of individual or territory quality, to be positively related to
breeding success. The amount of greenery used in nest decoration should also show
a parabolic distribution among age classes, peaking in prime-aged individuals and
declining in older individuals (as shown by Sergio et al. 2011).





METHODS

2.1 Study population

We monitored the breeding population of black sparrowhawks on the Cape Peninsula between
2001 – 2014, although in this study we used only data from 2006 onwards. The study area
covers approximately 300 km2 and consists of a matrix of habitat types, including alien tree
plantations (Eucalyptus and Pinus spp.), urban gardens and small patches of Afromontane
forest and fynbos vegetation types (Curtis et al. 2007). Elevation at breeding sites ranges
from sea level to 300 m. Black sparrowhawks were first recorded breeding on the Cape
Peninsula in 1993 (Oettlé 1994) and the population has been monitored extensively since
2001. The breeding population has expanded from approximately 13 pairs in 2001 to around
50 known pairs by the mid 2000’s (Martin et al. 2014). Climatically, the area is characterised
by a Mediterranean-type, temperate climate with a mean annual rainfall of ca. 1250 mm
falling almost exclusively during the Winter months (May – October) and mean monthly
minimum and maximum temperatures of 12° C and 21° C respectively (South African
Weather Service).

2.2 Nest site, habitat and breeding parameters

Nests were located during the breeding season (March – November, Sebele 2012) by sur-
veying suitable stands of trees for signs of breeding activity, including calling black spar-
rowhawks, whitewashes, prey remains and nest structures. Once breeding was detected,
territories were monitored until conclusion of all breeding attempts.

The colour morphs (light or dark) of both parents were determined where possible.
Distinguishing sexes in black sparrowhawks is straightforward as they exhibit strong sexual
size polymorphism, with males being approximately 40% lighter in mass than females
(Ferguson-Lees and Christie 2001). Other breeding parameters recorded that were relevant
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to this study included lay month, brood size and nest tree species. Since 2001, unique colour
ring combinations have been fitted to as many adult birds and nestlings as possible. This
meant that the age of parent birds included in our study could be determined for those that
were ringed as nestlings, or a minimum age could be given if they were trapped as adults
(individuals were assumed to be at least 2 years old if they were an adult).

Several habitat parameters were also collated at each nest. There was no available land
use layer of Cape Town at the required resolution. A 500x500 m grid over an aerial image
of the study area was generated by Petra Sumasgutner and this was used to estimate the
percentage of the following habitat categories: buildings, traffic and other sealed concrete
areas, gardens, open landscape, open intensive landscape (sports fields and golf courses),
agricultural fields, vineyards, dense and light forest, wetlands (closed or vegetated water
bodies) and open water bodies (including lakes, rivers, dams and reservoirs). We used a
6.24cm resolution color aerial image (orthophoto) of Cape Town, from March 2009, provided
by the GIS lab of the University of Cape Town and an existing wetland layer provided by
South African National Bioinformatics Institute (SANBI) which was published in 2010 (also
using data until 2009). Habitat parameters used in this study included the distance to (m)
and area of (m2) of the nearest open water body . In addition, the percentages of open water
bodies, wetlands and urban build-up (defined as land used by traffic, covered by buildings,
or other sealed soil) were calculated for the 500x500 m grid cell in which each nest was
located (Figure 2.1). Larger spatial buffers were not used in this study as the transmission of
haemosporidian parasites is likely predominantly vertical from adults to young at the nest
site (Ashford et al. 1990), and thus should be more strongly related to the immediate nest
surroundings.

2.3 Collection and analysis of blood samples

Blood samples of nestlings were collected from various nests across the Cape Peninsula
between 2009 – 2014. Samples were collected when chicks were approximately 2 – 4½-
week-old nestlings . Blood samples were collected from the cubital vein using sterilised
21-guage needles (BD Micro-Fine Plus, Alpha Pharm East Cape (Pty), Port Elizabeth) and
heparinised capillary tubes (Lasec SA (Pty), Cape Town). Smears were prepared by placing a
small drop of heparinised blood onto a dry microscope slide and spreading this evenly along
the slides length using a separate dry microscope slide. Slides were then fixed by immersion
in methanol for 2 minutes and blood cells and parasites were visualised by a further 2 minutes
of immersion in Giemsa stain (10 X Giemsa, diluted in Giemsa buffer). Slides were then
examined for blood parasites using a binocular compound microscope with oil immersion
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Fig. 2.1 Aerial image of the Cape Peninsula, with an overlaid 500x500 m grid.Black triangles indicate
intact black sparrowhawk nests. The landscape matrix of the centered grid cell consists of: 1%
buildings, 1% gardens, 64% open landscape and 34% forest. For the r = 1000 m buffer the nests were
centered to the closest intersection of grid cells, capturing the same area as a 2x2 km square. Only the
500x500m buffer was used in this study. Figure provided by Petra Sumasgutner.

lenses (see Lei et al. 2013 further details). A particular focus was given to Haemoproteus nisi
and Leucocytozoon toddi, which are known to afflict raptors of the genus Accipiter (Krone
et al. 2001; Peirce and Marquiss 1983). We used prevalence, defined by Lei et al. (2013) as
the presence of any infected cell on an examined slide, as a binary measure of the infection
status of an individual (0 = un-infected, 1 = infected). Individuals were scored for infection
of H. nisi and L. toddi separately, as well as for infection by either or both of these blood
parasites (i.e. infection by H. nisi, infection by L. toddi or co-infection by both, hereafter
referred to as “all haemosporidians”).
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2.4 Processing of image data and estimation of greenery
cover

The proportion of the nest covered by green plant material was estimated for two sets of data:

1. Photographs of the nest taken with a compact digital camera when chicks were ringed.
These were available for 76 nests between 2006 and 2014. As chicks are only ringed at
3 – 4 ½ weeks old, these data allowed comparison of greenery cover between nests at
a relatively standardised period in the breeding cycle and provide a good sample size.

2. “Video” footage of nests captured by solar powered remote trail-cameras (Ltl Acorn
model: Ltl – 6210 MC), with still images captured at 3-minute intervals over a duty-
cycle running from one hour before sunrise to one hour after sunset (Katzenberger et al.
2015). These data allowed analysis of variation in greenery cover over time and across
the different stages of the breeding cycle (pre-laying, incubation and nestling stages).
For some nests video footage covered multiple, overlapping stages of the breeding
cycle, whereas for others, only one stage was covered.

For each photograph taken at chick ringing, visual estimates of the proportion of the nest
covered by greenery were cross validated against a systematic grid estimate. Visual estimates
were made with the aid of a reference sheet of white squares filled with different proportions
of black polygons. Grid estimates were obtained by digitally overlaying each image with
a transparent, 265-square (25 X 25) grid. Within the 265-square grid, cells were deemed
to be “nest” if they were ⩾ 50% covered by any structure belonging to the nest, and these
were shaded in grey. The “nest” cells covered in green plant material were identified using
the same 50% majority rule, with different plant species shaded in different colours. Nest
cells and cells covered by green plant material were counted using the count tool in Adobe®
Photoshop® CC 2015, and greenery cover was calculated as the number of cells covered by
greenery divided by the total number of nest cells. Although this method does not necessarily
provide a less biased estimate of greenery cover than visual inspection, it is systematic and
allows for cross-validation of the visual estimates. Estimates of greenery cover obtained by
the two different methods were highly correlated (Figure 2.2). Thus, visual inspection of
nest images provides a reliable estimate of greenery cover. In all further analyses using the
photograph data, the estimates of greenery cover obtained by the grid method were used.

For the video footage, greenery cover was estimated visually at a twice-daily resolution.
Images with favourable lighting conditions and maximum visibility of the nest surface (i.e.
parents not brooding or favourable orientation of chicks) were selected. Effort was made to
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select images as close to 10:00 AM and 16:00 PM as possible to maintain a regular time
interval between photographs.
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Fig. 2.2 Correlation of visually estimated greenery cover vs. greenery cover estimated using the grid
method. The trend line (dashed line) fit to the data by simple linear regression nearly overlaps with
the 1:1 line (solid).

2.5 Statistical analysis

All statistical analyses were performed using R v 3.1.2 (R Core Team 2014). To explore
the relationship between the amount of greenery used in nest decoration and blood parasite
prevalence in chicks, generalised linear mixed-effects models (GLMMs) were constructed
using the R package ‘lme4’ (Bates et al. 2014; 2015). Brood was specified as a random term
to account for the non-independence of blood samples obtained from chicks belonging to the
same brood. As the response variable is binary, a binomial error distribution and logit link
function were specified. Models including parental morphs, nest tree species, lay month and
habitat parameters were also evaluated. Linear mixed-effects models (LMMs) were used to
explore the effect of habitat parameters on the amount of greenery used in nest decoration and
examine differences between parental morphs and age classes. For these analyses, territory
and year were specified as random terms. The video footage data were analysed using
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LMMs to examine differences in the extent of nest decoration between different stages of the
breeding cycle.

For both sets of analyses, all explanatory variables were fitted to a maximal model.
Scatterplot matrices and Pearson’s correlation coefficients (r) were used to identify correlated
explanatory variables. Multicollinearity was assessed by calculating variance inflation factors
(VIF) for each explanatory variable. Where any explanatory variable had a VIF > 2.5
collinearity was addressed as recommended by Zuur et al. (2010) by sequentially removing
the variable with the highest VIF from the model, recalculating the VIFs and repeating this
process until all variables had a VIF lower than the selected threshold of 2.5. Model selection
was performed on the basis of a version of Akaike’s Information Criterion (AIC, Akaike 1974)
corrected for small sample sizes (AICc), implemented using the ‘dredge’ function in the R
package, ‘MuMIn’ (Bartoń 2015). Models with ∆AICc < 2.0 were considered good candidates
and the model with the lowest AICc was considered the final model. Absolute model fit was
assessed using R2

GLMM(c) using the method described by Nakagawa and Schielzeth (2013), as
implemented in the R package ‘MuMIn’ (Bartoń 2015).



RESULTS

3.1 Relationship between haemoparasite prevalence in chicks
and greenery cover

The amount of greenery used in nest decoration had no effect on haemoparasite prevalence in
chicks (Table 3.1). This was true for Haemoproteus nisi (χ2

1,137 = 9.934,P= 0.758; Table 3.1)
and Leucocytozoon toddi (χ2

1,137 = 0.076,P = 0.782; Table 3.1) considered separately, as
well as for both haemoparasites considered together (χ2

1,137 = 11.010,P = 0.403; Table 3.1).

Table 3.1 Dependence of haemosporidian parasite prevalence in chicks on the amount of greenery
used in on the nest decoration as a fixed effect in generalised linear mixed-effects models. A binomial
error distribution (presence/absence data) and logit link function were specified, and brood ID was
specified as a random term.

Response Parameter Estimate SE χ2 Pr > (χ2)

Model 1: all haemosporidians
Greenery cover 0.270 0.323 11.010 0.403

(Intercept) -1.435 0.433 0.701 <0.001

Model 2: H. nisi
Greenery cover 0.114 0.369 9.934 0.758

(Intercept) -2.942 0.933 0.095 0.002

Model 2: L. toddi
Greenery cover 0.233 0.843 0.076 0.782

(Intercept) -7.863 1.441 29.770 <0.001

3.2 Effect of breeding and habitat parameters on haemopar-
asite prevalence in chicks

The initial models of haemoparasite prevalence included lay month, maternal morph, paternal
morph, nest tree species, distance to the nearest waterbody (m) and the percentages of
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Table 3.2 Summary of final models describing the relationship between haemoparasite prevalence,
breeding parameters and habitat parameters. Models fitted are GLMMs with a binomial error
distribution and logit link function.

Response Parameter Estimate SE χ2 Pr > (χ2) R2
GLMM(c)

Model 1: all haemosporidians

Lay month 0.843 0.314 7.201 0.007

0.54Urban build-up (%) -1.534 0.501 9.386 0.002

(Intercept) -1.652 0.390 17.966 <0.001

Model 2: H. nisi
Urban build-up (%) -2.044 0.910 5.042 0.025

0.10
(Intercept) -3.1304 1.328 5.553 0.018

Model 3: L.toddi

Lay month 1.637 0.658 6.187 0.013

0.73Urban build-up (%) -1.433 0.682 4.414 0.036

(Intercept) -2.787 1.441 11.339 <0.001

wetlands, waterbodies and urban build-up in the 500x500 m grid cell in which each nest
was contained as explanatory variables. After model selection, only lay month and urban
build-up (for L. toddi prevalence and all haemosporidians as response variables) or urban
build-up only (for H. nisi prevalence as a response variable) were included as predictors
in the final models (Table A.1). Prevalence decreased with increasing urban build-up for
H. nisi (Figure 3.1), L. toddi (Figure 3.2b) and both haemosporidians considered together
(Figure 3.3b). Prevalence increased with lay month for L. toddi, with low prevalence in
broods laid early in the year, and a sharp increase in prevalence after July (Figure 3.2a). A
similar pattern was observed when both haemosporidians were considered together, although
prevalence began increasing earlier in the year (Figure 3.3a).

3.3 Effect of breeding and habitat parameters on greenery
cover

The initial models of greenery cover included maternal and paternal morphs, brood size,
lay month, nest tree species, age of each parent, distance to the nearest waterbody (m) and
the percentages of wetlands, waterbodies and urban build-up in the 500x500 m grid cell
in which each nest was contained as explanatory variables. Only maternal morph and nest
tree species were retained as predictors in the final model (Table A.1). Greenery cover was
significantly higher in nests where the female was a light morph bird than in nests where
the female was dark morph (χ2

1,102 = 5.355,P = 0.021; Table 3.3, Figure 3.4a). Greenery
cover was on average 10% higher in nests where the female was light morph (least squares
means: 81.13% for light morph females, 71.97% for dark morph females). There were
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Fig. 3.1 H. nisi prevalence in chicks in relation to urban build-up. Solid lines and shaded areas are
predictions and 95% CIs from a GLMM with a binomial error distribution (Model 2, Table 3.2).
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Fig. 3.2 L. toddi prevalence in chicks in relation to: (a) lay month and (b) urban build-up. Solid
lines and shaded areas are predictions and 95% CIs from a GLMM with a binomial error distribution
(Model 3, Table 3.2). For each fixed effect’s predictions, values of the other fixed effect are held
constant at their median value.

also significant differences in greenery cover between nests located in different tree species
(Table 3.3, Figure 3.4b), with nests in eucalyptus trees covered by approximately 10% more
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Fig. 3.3 Prevalence of all haemosporidian blood parasites in chicks in relation to (a) lay month and
(b) urban build-up. Solid lines and shaded areas are predictions and 95% CIs from a GLMM with
a binomial error distribution (Model 3, Table 3.2). For each fixed effect’s predictions, values of the
other fixed effect are held constant at their median value.

greenery than those located in pine trees (least squares means: 81.42% for eucalyptus, 71.68%
for pine).

Although greenery cover was not significantly related to age of either the male or female
partner (Table 3.3, Table A.1), it did appear to show an approximately parabolic distribution
among ages in females (Figure 3.5a), increasing and then declining with age. However, the
decline only held until an age of 8 years, after which greenery cover increased to near-peak
levels. Males showed no clear pattern in the districution of greenery cover among ages
(Figure 3.5b).

Table 3.3 Summary of the final model describing the relationship between the amounts of greenery
used on the nest, breeding parameters and habitat parameters from a GLMM with a Gaussian error
distribution and identity link function.

Parameter Estimate SE χ2 Pr > (χ2) R2
GLMM(c)

Maternal morph 0.538 0.232 5.355 0.021

0.31Nest tree species -0.572 0.274 4.366 0.037

(Intercept) 0.289 0.258 1.254 0.263
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Fig. 3.4 Greenery cover in relation to: (a) the morph of the female parent(dark: n = 71; light: n =31),
(b) the nest tree species (eucalyptus: n = 20; pine: n = 82). Means (black lines) and 95% CIs (shaded
areas) are from a GLMM with a Gaussian error distribution and identity link function, specifying
territory and year as random terms (Table 3.3). For each fixed effect’s predictions, values of the other
fixed effect are held constant at their most common value (mode).
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Fig. 3.5 Change in greenery cover with age. Values presented are means for each age ± SE. Sample
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Fig. 3.6 Change in greenery cover (proportion of nest surface decorated) over the breeding cycle
based on raw data for 9 nests. Day 0 is defined as the day on which the first egg was layed. A LOESS
curve (blue line ) has been added for each breeding stage.

3.4 Relationship between greenery cover and stage of the
breeding cycle

Raw data of greenery cover over time for 9 nests showed a general trend of increasing
greenery cover throughout the breeding cycle, with low cover early in the breeding cycle
during the pre-laying stage and an increase in cover during incubation, peaking during the
nestling stage, after the chicks had hatched (Figure 3.6). In addition, greenery cover appeared
to drop sharply after chicks had fledged at around day 75. However, footage of this stage of
the breeding cycle was only available for one nest and thus data for the fledgling stage were
excluded from subsequent analyses.

Greenery cover differed significantly between stages of the breeding cycle (χ2
2,9 =

112.697,P =< 0.001; Table 3.4, Figure 3.7). Predicted greenery cover was lowest for
the pre-laying stage (least squares mean: 30.22%), intermediate during incubation (least
squares mean: 33.72%) and peaked during the nestling stage (least squares mean: 40.09%).
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Table 3.4 Greenery cover (proportion of nest surface decorated) in relation to the stage of the breeding
cycle (pre-laying, incubation and nestling phase).

Parameter Estimate SE χ2 Pr > (χ2) R2
GLMM(c)

Stage 112.697 <0.001
0.96

(Intercept) 0.289 0.258 23.875 <0.001
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Fig. 3.7 Greenery cover in relation to the stage of the breeding cycle. Means (black lines) and 95%
CIs (shaded areas) are from a GLMM with a Gaussian error distribution and identity link function,
specifying territory ID as a random term (Table3.4).





DISCUSSION

The results of this study show that the timing of nest decoration in black sparrowhawks is
consistent with the hypothesis that the greenery used acts as a natural insecticide, protecting
the chicks from ecto-parasites. The sudden drop in greenery amount observed after the
chicks had fledged at around 75 days corroborates this idea, although data for this stage were
only available for one nest. However, we found no evidence to suggest that an increased
amount of greenery on nests during the nestling period is linked to lower prevalence of the
haemosporidian parasites, Haemoproteus nisi and Leucocytozoon toddi in chicks. Thus, it
seems unlikely that the greenery used by black sparrowhawks is an effective ecto-parasite
repellent, at least against the dipteran vectors of the parasites measured in this study, which
are the most frequently encountered haemosporidians among Accipiters (Krone et al. 2001).

However, as we did not directly measure ecto-parasite abundance, the possibility remains
that the greenery is an effective repellent of other nest parasites that are not vectors of H.
nisi and L. toddi, but still have detrimental effects on chicks. Possible examples include
haematophagous mites, which can cause impaired growth and even death in nestlings (Proctor
and Owens 2000). In an observational study on black sparrowhawks in the east of their
South African range, Malan et al. (2002) recorded an outbreak of the haematophagous mite
Ornithonyssus bursa at one of their study nests. Interestingly, this outbreak occurred after
the young had fledged, a period in the breeding cycle during which we demonstrate a sharp
drop in greenery cover, at least for the one nest at which footage of this stage was available
(Figure 3.6). Malan et al. (2002) also mention that the outbreak occurred one month after the
birds had stopped delivering greenery to the nest which, in conjunction with our findings,
suggests that the greenery may act to reduce the abundance of such parasites during the
nestling stage.

Alternatively, the chicks may derive some direct benefit from the aromatic compounds
contained in the greenery (the “drug hypothesis”, Gwinner et al. 2000). It may also act as a
“table cloth”, retarding the decomposition of prey brought to the nest by providing a fresh
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surface through continuous replenishment of the lining material, or preventing it from falling
into the sticks of the nest where it might increase bacterial loads in the nest (Heinrich 2013;
Newton 1979). Other alternatives to explore include crypsis (hiding the nest and chicks from
predators, Skutch 1976), insulation of eggs and nestlings (Mertens 1977), and shielding eggs
and nestlings from the more abrasive surface of the nest structure itself (Hansell 2000). It
is unlikely that the greenery is used to enhance the crypticity of nests, as the greenery lines
mainly the nest cup and is not incorporated into the outer layer of the nest. Greenery is likely
to enhance insulation mainly in small bird species that make use of enclosed nests (Mertens
1977), and is unlikely to slow heat loss appreciably during absence of the parents in large,
cup-nesting raptors such as the black sparrowhawk. However, black sparrowhawks have
been observed increasing the amount of greenery on nests prior to storms (A. Koeslag, pers.
obs), suggesting that the greenery may play some role in coping with adverse weather.

The amount of greenery on nests differed significantly between all three breeding stages
and peaked during the nestling phase (Table 3.4, Figure 3.7). It was lowest during the pre-
laying phase, which is not congruent with our predictions for a role as an extended phenotype
signal or as a component of courtship. As it increased during incubation and peaked during
the nestling phase, it seems more likely serves some function for the nestlings. Furthermore,
greenery cover showed no relationship with age of the parents (Figure 3.5) and was lower
in dark morph birds (Figure 3.4a) which are expected to be more aggressive (Boerner and
Kruger 2009; Ducrest et al. 2008; Mettke-Hofmann 2012), thus refuting the hypothesis that
it acts as an extended phenotype signal.

Prevalence of both H. nisi and L. toddi in chicks decreased with increasing urban build-up
(Figure 3.1, Figure 3.2b). Increased urban build-up corresponds to a decrease in vegetated
areas. Thus, vegetated areas may act as the principal reservoirs for haemosporidian parasite
vectors, rather than wetlands or urban areas. This is likely due to the availability of specific
habiats within vegetated areas that are favoured or required by these vectors. For example,
blackflies (Simulium spp.), the principal vectors of Leucocytozoon spp., are obligate filter
feeders as larvae (Carlsson et al. 1977; Malmqvist et al. 1999) and thus require running water,
which is more readily available in vegetated areas in the form of rivers and streams.

Prevalence of L. toddi in chicks increased late in the breeding seaason, rising sharply
after July (Figure 3.2a). This may co-incide with a seasonal increase in vector abundance.
Alternatively, the effect could be related to host-vector dynamics. Various authors have
found seasonal peaks in prasitaemia of Haemoproteus spp. and Leucocytozoon spp. (Ashford
et al. 1990; Cheke et al. 1976; Krone et al. 2001; Kucera 1981a;b). Spring “relapses" of
haemoparasites in the blood of adult birds are thought to be linked to increases in sexual
hormones during breeding and rearing of the young (Krone et al. 2001). Thus, our findings
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could be the result of an increase in the abundance of haemoparasites in the peripheral blood
of adult birds late in the breding season, which may increase the chances of these parasites
being transmitted to the nestlings by insect vectors (Ashford et al. 1990).

Greenery cover during the nestling period showed significant differences between morphs
of the female parent (Table 3.3), with nests occupied by white morph females being deco-
rated with more greenery (Figure 3.4a). Since light morph birds have been shown to have
significantly higher H. nisi infection than dark morph birds (Lei et al. 2013), a possible
explanation for this finding is that light morph females increase nest decoration in an effort
to prevent transfer of their haemoparasites to their offspring (although our results show no
link between greenery amount and infection prevalence in chicks). Greenery cover during
the nestling period was also significantly higher in nests lcated in eucalyptus trees than those
located in pine trees (Table 3.3, Figure 3.4b), although the biological significance of this
finding remains unclear. The nest tree is generally indicative of the dominant tree species
in the environment and often comprises the majority of the decorating material (pers. obs.).
It is possible that our finding of higher greenery cover in eucalyptus trees than pine trees
is simply an artefact of the data, with the dissected, needle leaves of pines generally being
perceived as covering less area than the relatively broader leaves of eucalyptus.

In summary, nest decoration in black sparrowhawks was lowest during pre-laying, showed
no relationship with age of the parents and was lower in dark morph birds which are expected
to be more aggressive, thus refuting the hypothesis that it acts as an extended phenotype
signal. The timing of nest decoration in black sparrowhawks is consistent with a role as
an ecto-parasite avoidance mechanism, however, we found no evidence for a link between
greenery amount and parasite prevalence in chicks, at least for the haemoparasites H. nisi
and L. toddi. As we did not directly measure vector abundance, the possibility remains that
the greenery used by black sparrowhawks is effective against other ecto-parasites that are not
vectors of H. nisi and L. toddi.
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Table A.1 Summary of model selection. ∆AICc is calculated relative to the model with the lowest
AICc. Models with ∆AICc < 2 are considered to represent good candidates and are presented below.
Model support relative to other candidate models is given by the AIC weight (ωi). Models fitted are
GLMMs with a binomial error distribution and logit link function (for models with haemoparasite
prevalence as a response) or Gaussian error distribution and identity link function (for models with
greenery cover as a response). Habitat variables were calculated in the 500x500 m grid cell in which
each nest was located.

Response Model df AICc ∆AICc ωi

All haemosporidians

Lay month + urban build-up (%) 4 130.99 0.00 0.35

Lay month + urban build-up + wetlands (%) 5 131.75 0.75 0.24

Lay month + urban build-up + waterbodies (%) 5 132.87 1.87 0.14

Lay month + urban build-up + nest tree 5 132.95 1.96 0.13

Lay month + urban build-up + maternal morph 5 132.97 1.97 0.13

H. nisi

Urban build-up (%) 3 79.28 0.00 0.31

Urban build-up (%) + wetlands (%) 4 80.55 1.27 0.16

Urban build-up (%) + paternal morph 4 80.72 1.44 0.15

Urban build-up (%) + lay month 4 81.11 1.82 0.12

Urban build-up (%) + nearest waterbody (m) 4 81.11 1.82 0.12

Urban build-up (%) + greenery cover 4 81.11 1.82 0.12

L. toddi

Lay month + urban build-up (%) 4 108.04 0.00 0.29

Lay month + urban build-up (%) + nest tree 5 108.84 0.80 0.19

Lay month + urban build-up (%) + waterbodies (%) 5 109.38 1.34 0.15

Lay month + urban build-up (%) + nearest waterbody (m) 5 109.64 1.61 0.13

Lay month + urban build-up (%) + maternal morph 5 109.67 1.63 0.13

Lay month + urban build-up (%) + paternal morph 5 109.87 1.84 0.12

Greenery cover

Maternal morph + nest tree 6 292.11 0.00 0.31

Maternal morph 5 292.96 0.85 0.21

Lay month + maternal morph + nest tree 7 293.30 1.19 0.17

Nest tree 5 293.69 1.58 0.14
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