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As human populations have increased globally, so too has the transformation of natural landscapes into more urban areas. Within Africa, population growth rates and urbanization rates are amongst the highest in the world, but the impacts of these processes on Africa's wildlife are largely un-explored. In this study, we focus on a recently established population of black sparrowhawks Accipiter melanoleucus in Cape Town, South Africa. Using long-term data (16 years), we investigate the relationship between the timing of breeding and breeding performance along an urban-rural habitat gradient. We found no evidence for a direct effect of urbanization on either timing of breeding or breeding performance. However, we did find some evidence for a differential seasonal decline in breeding performance dependent on the levels of urbanization. Thus, higher productivity was found in more urbanized habitats earlier in the season, but towards the end of the breeding season, birds in less urbanized habitats performed better. Our study represents one of the first to examine avian productivity in relation to urbanization in Africa, and also represents one of the first studies to suggest that seasonal declines in productivity may differ according to levels of urbanization. These results have considerable implications for potential changes in phenology or productivity for the regions' avifauna as African urbanization continues.
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INTRODUCTION

Urbanization is a rapid and global process in which natural environments are transformed into new urban systems (Berry et al., 1998) which are characterized by an increase of unproductive sealed surfaces in highly disturbed fragmented landscapes (McDonnell and Pickett, 1990). By 2050, 66% of the global population is predicted to live in urban areas (United Nations, 2015). Urbanization significantly alters the physical, chemical, and biotic environment (McDonnell and Pickett, 1990). The resulting decrease of natural habitat forces ecosystems and species to adapt, avoid or tolerate these new conditions (Blair, 1996; Isaksson, 2015).

Key processes that contribute to the impact of urbanization on birds include vegetation changes, habitat fragmentation, introduction of exotic species, changes in food abundance and quality, and novel predator assemblages (Chace and Walsh, 2006). An urban gradient characterizes different levels of urban stressors, such as pollution (light, noise, and air), the abundance of novel predators like cats and corvids (e.g., Stracey, 2011), and of anthropogenic food resources that may be of lower quality (“urban junk food,” Pierotti and Annett, 2001; Schoech and Bowman, 2001). All of these factors can potentially affect demographic parameters of city-dwelling species (Isaksson, 2015). In order to anticipate the costs and benefits for birds living in urban areas, it is useful to quantify the relative breeding performance within urbanized areas compared to more natural habitats.

There is a growing body of literature comparing breeding performance of birds living in urban and rural habitats, with some general patterns emerging. The onset of breeding tends to be earlier in urban areas as a potential result of increased food availability (Chamberlain et al., 2009), the urban heat island effect (i.e., higher temperatures in the city center, Shochat et al., 2006; since the beginning of incubation can be temperature dependent, Visser et al., 2009) and light pollution (Spoelstra and Visser, 2014). Clutch sizes tend to be smaller and nestling conditions tend to be poorer in urban vs. natural habitats (reviewed by Chamberlain et al., 2009). However, these studies have mostly been conducted in the Northern Hemisphere with very different climatic conditions. Despite an increased focus on urban avian ecology, as far as we know no studies have yet focused on these questions for any bird species in Africa.

Many bird species show seasonal declines in breeding performance during the course of a breeding season (e.g., Both et al., 2004; Grüebler and Naef-Daenzer, 2010), and this has also been found for some urban nesting species (Chamberlain et al., 2009), including urban raptors (e.g., Sumasgutner et al., 2014a). The explanation for these patterns often focuses on declines in food availability that might also influence sibling competition (Gil et al., 2008), which may in theory vary across levels of urbanization. If so, it might be expected that the patterns of such seasonal declines might vary across an urban gradient. In the only study to explore this issue so far, Wawrzyniak et al. (2015) found seasonal declines in clutch size of blue tits (Parus major) nesting in urban habitats but not for those nesting in forests.

Because raptors belong to the upper trophic level, they can be particularly susceptible to changes in the environment (Newton, 1998). Despite this, some raptors are increasingly associated with urbanized areas (e.g., Falco peregrinus, Cade and Bird, 1990; F. columbarius, Sodhi et al., 1992; F. tinnunculus, Village, 1990; Charter et al., 2007; Accipiter cooperii, Boal and Mannan, 1999, 2000; A. gentilis, Rutz, 2008). This is potentially due to their relatively high mobility that could allow them to escape from some of the limitations of urban areas (Chace and Walsh, 2006), while still benefitting from the advantages, such as lower direct persecution (Rutz, 2008) and novel resources like higher abundance of avian prey or nesting sites (e.g., Palomino and Carrascal, 2007; Cavalli et al., 2014; Rullman and Marzluff, 2014; Sumasgutner et al., 2014b). However, some rodent specialists such as Barn owls Tyto alba or Eurasian kestrels F. tinnunculus show decreased fledgling success with increasing urbanization, probably due to decreased prey availability connected to sensory interference due to noise pollution for owls (Senzaki et al., 2016), or nocturnal rodents being harder to locate for a diurnal raptor in an urban environment (Hindmarch et al., 2014; Sumasgutner et al., 2014a). Dietary requirements may be an important factor in determining the success of an urban raptor, specifically the degree of specialization in their diet choice. Highly specialized raptors may have to spend more energy and time seeking preferred prey, whereas generalists may have more flexibility in coping with fluctuating food availability (see Terraube et al., 2011 for a natural setting).

In this study we focus on the black sparrowhawk Accipiter melanoleucus in South Africa, a raptor that colonized the city of Cape Town in the last two decades after expanding its distribution range from the North-East into the South-West of Southern Africa (Amar et al., 2014). Black sparrowhawks appear to have adapted well to urban areas, with more than 50 breeding pairs (Martin et al., 2014b) within our study area. Together with the colonization of the urban habitat, the species extended its breeding season toward earlier egg-laying, resulting in a breeding season of 9 months (Mar-Nov; Martin et al., 2014b). Potentially contributing to the success of the species in this area, the health of black sparrowhawks' chicks does not appear to be negatively influenced by levels of urbanization (Suri et al., 2017, but see van Velden et al., 2017 for a specific Knemidokoptes mite infection in adults). This might be linked to the high abundance of suitable prey species across all habitat types that may buffer any potential negative health effects of urban stressors (Suri et al., 2017). Building on these results, our study aims to explore how the breeding performance of urban black sparrowhawks varies with urbanization in Cape Town. Using a long-term study (16 years), we investigated the timing of breeding and breeding performance along an urban-rural habitat gradient. Additionally, we specifically explore whether the established relationship between timing of breeding and breeding performance (Martin et al., 2014b) differed depending on levels of urbanization. This question is particularly relevant to our study area, since it is unique within a South African context in having an extended 9 months long breeding season (Martin et al., 2014b). Given the results of several other studies exploring timing of breeding, we predicted the onset of breeding to be earlier in more urbanized areas. The expected relationship between urbanization and breeding performance is harder to predict, however, given that Suri et al. (2017) tended to find higher abundance of doves and pigeons in more urbanized habitats, we might expect higher productivity in more urban areas. Likewise the precise relationship between timing of breeding and breeding performance in relation to urbanization was difficult to predict, but if urbanized areas do have higher or more regular prey availability, the established seasonal declines in breeding performance may be somewhat buffered within more urbanized areas.

METHODS

Study Site and Species

This study focused on the resident population of black sparrowhawks in Cape Town, Western Cape, South Africa (Figure 1). The study area covers various habitats over 595 km2 (Martin et al., 2014b), including heavily urbanized areas, plantations of exotic tree stands, patches of Afromontane forest and indigenous fynbos vegetation. Cape Town experiences a Mediterranean climate, with an average annual rainfall of 788 mm and average monthly temperatures ranging from 15 to 30°C. This population breeds mainly during the winter months, which coincides with the rainy season (Amar et al., 2014; Martin et al., 2014b). The population has been actively monitored since 2000 (Amar et al., 2014).
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FIGURE 1. Distribution of black sparrowhawk nest localities on the Cape Peninsula over a 16-year monitoring period. Insert situates the Cape Peninsula in the South African context.



Systematic monitoring by a team of experienced researchers occurred during the breeding season from March to November. Territories were located by surveying suitable stands of trees. Occupancy was confirmed by activity indicators such as calling, whitewash, prey remains or nest structures. Following confirmation of breeding attempts, pairs are then monitored approximately weekly. About 90% of the population is individually color ringed, allowing individual identification of many breeding pairs (see Martin et al., 2014a for further details). Adults were trapped on territories using a bal-chatri trap baited with a live white “racing” pigeon, Columba livia (Berger and Mueller, 1959; see Ethical Note in Martin et al., 2014a for details). Chicks were ringed when they were 3.5–4.5 weeks old. Age of chicks was estimated visually by the extent of wing and tail feather growth (using reference photographs from nest cameras). This study uses data collected between 2000 and 2015.

Defining the Urban Gradient

Quantification of the urban gradient was based on a circular buffer with a radius of 2,000 meters (m) assigned to each nest; the chosen scale was based on previous work in which adult males with global positioning system (GPS) tags were tracked and their home range sizes during the breeding season where determined (Sumasgutner et al., 2016b). Urban cover was calculated based on land cover classes from the 2013–2014 South African National land-cover dataset produced by GEOTERRA (Department of Environmental Affairs, 2015). This land cover dataset compiled 72 land types at a 30 m resolution, from which sealed, unproductive areas of land were classified as “urban.” Percentage urban cover was derived for each nest buffer using the packages raster (Hijmans, 2015), sp (Pebesma and Bivand, 2005; Bivand et al., 2013), and rgdal (Bivand et al., 2016). Figure 2 illustrates the binary urban/non-urban land covers as compared with aerial photographs.
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FIGURE 2. Percentage urbanization for each black sparrowhawk nest on the Cape Peninsula over a 16-year monitoring period (top left), frequency plot of the distribution of nests along an urban gradient (bottom left), illustrations of representative individual nest locations with aerial imagery (center column) and land cover reduced to urban/non-urban binary (right column). Urban cover is 1.4, 12.7, 47.1, and 87.0%, respectively, for nests 1, 2, 3, and 4. Data from Department of Department of Environmental Affairs (2015); Google Earth Pro (2016), and City of Cape Town (2016).



Statistical Analysis

The “lay month” (the only accurate measurement of the timing of breeding possible) for successful nests is backdated from the age of the chicks; we used the incubation behavior (female sitting low on nest) to time the onset of breeding for unsuccessful nests. “Breeding success” is a binomial variable distinguishing between successful and unsuccessful nests, “brood size” only includes successful nests (1-3 chicks that fledged) and “productivity” all active nests where 0–3 chicks fledged. All analyses were performed in relation to urbanization using Linear Mixed Models (LMMs) for the timing of breeding and Generalized Linear Mixed Models (GLMMs) for breeding performance, in R studio (R Core Team, 2016) with the packages nlme (Pinheiro et al., 2014), lme4 (Bates et al., 2015), MASS (Venables and Ripley, 2002), lattice (Deepayan, 2008), ggplots2 (Wickham, 2009) effects (Fox, 2003), and car (Fox and Weisberg, 2011). All quantitative variables were scaled in order to bring the variables to comparable dimensions to interpret effect sizes for interaction terms. We tested the dispersion of our response variables using the “qcc.overdispersion.test” in the qcc package (Scrucca, 2004). Residual distributions of the models were inspected visually to assess model fit.

Unless otherwise stated (when using successful nests only), the sample size in all following analyses was 456 broods surveyed over 16 years starting in 2000. Year, territory ID, and nest ID were included as random terms to account for pseudoreplication arising from same nests sampled repeatedly within and between years (nest ID), and breeding pairs occupying territories over several years (territory ID), and multiple measures from different nests within the same year (year). All analyses were conducted at the nest level since some pairs build multiple nests in different locations within and between seasons, resulting in varying urban scores for some individuals. The lay month (Gaussian distribution) was modeled as the response variable with the urban gradient as the explanatory variable. For the other analyses examining breeding performance, we accounted for the timing of breeding (using lay month) as a quadratic term and explored the interaction of timing of breeding with the urban gradient. We included the lay month as linear and quadratic term to investigate a potential polynomial relationship. Error structures for the GLMMs were: negative binomial (productivity), Poisson (brood size) and binomial (breeding success). Least squares means (post-hoc contrasts for mixed-models, Lenth and Hervé, 2015) are not yet implemented for interaction terms between continuous variables. Thus, to understand the nature of the relationship between the timing of breeding and levels of urbanization better, we performed additional tests whereby we selected the earlier 25% of nests (egg-laying Mar-May, n = 123) to see if there is a significant difference in the breeding performance in relation to the urban gradient. Then we repeated this analysis for the latest 25% of nests (egg-laying Sep-Nov, n = 120); see Tate et al. (2016) for a similar approach. Throughout, reported χ2 and p-values are based on an ANOVA Table of Deviance using Type II Wald χ2 tests for mixed models.

Ethical Note

The University of Cape Town's Science Faculty Animal Ethics Committee has approved all the procedures required for the long-term study of the black sparrowhawk population in Cape Town (permit number: 2012/V37/AA). Furthermore, all procedures were carried out under a Cape Nature Hunting Permit (No. 0035-AAA004-00428), a South African National Parks Permit and a SAFRING ringing permit (no. 1439).

RESULTS

Urban Gradient

The urban gradient around each nest ranged from 87% to 1.4%. See Figure 2 for representations of (1) 1.4%, (2) 12.7%, (3) 47.1%, and (4) 87.0% urban cover, and the frequency of different urbanization scores for black sparrowhawk nests over the 16-year monitoring period.

Timing of Breeding and Breeding Performance along the Urban Gradient

Timing of breeding did not differ in relation to the urban gradient (Table 1, Figure 3), nor was there a direct relationship between breeding performance and the urbanization gradient term. However, an interesting interaction was noted between timing of breeding and urbanization in relation to breeding performance (Table 1, Figures 4A,C). Firstly, for pairs with nests in the most urbanized areas (Figure 4A, blue dotted line), we found that productivity declined strongly as the season progressed, whereas this decline was less steep for pairs in less urban areas (Figure 4A, black solid line), indicating that the timing of breeding had greatest influence on productivity in more urbanized areas. This interaction term shifts after approximately one third of the breeding season (June/July). A very similar relationship was also seen for breeding success (Figure 4C). However, the interaction term was statistically not significant, but suggested a tendency for differential seasonal declines in relation to urbanization (productivity GLMM: χ2 = 3.45, P = 0.063; breeding success GLMM: χ2 = 3.20, P = 0.074). This apparent relationship was not observed for brood size (Figure 4B, successful nests only, 1–3 chicks) where we found slightly more chicks fledging in urban areas throughout the season and less chicks fledging in more rural areas. Thus, our results suggest that the interaction between timing of breeding and urban gradient was due to nest failures, rather than the number of fledglings produced in successful nests. When splitting the data for early nests vs. late nests these observations were confirmed: we found slightly higher productivity in early nests in more urbanized areas (χ2 = 3.41, P = 0.065), but no such difference in late nests (χ2 = 2.20, P = 0.138). Additionally, we found significantly higher probability of nest failure in more urbanized areas later in the season (χ2 = 5.28, P = 0.022; vs. breeding success in early nests: χ2 = 2.74, P = 0.098).


Table 1. LMMs (for lay month) and GLMMs investigating the relationship between breeding parameters (productivity, brood size, and breeding success) and the urban gradient.
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FIGURE 3. The relationship between the timing of breeding (lay month, scaled) and the urban gradient (% of urban cover, scaled), based on predicted values of LMM, 95% CIs in shaded gray; black bars on the x-axis represent sample size. Model details in Table 1 (χ2 = 1.89, P = 0.17).
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FIGURE 4. Plots showing the relationship between the urban gradient (% urban cover) and (A) productivity (χ2 = 3.45, P = 0.06); (B) brood size (χ2 = 0.03, P = 0.86); and (C) breeding success (χ2 = 3.20, P = 0.07), based on predicted values of GLMMs, black bars on the x-axis represent sample size. Note that all quantitative variables were scaled. Model details in Table 1.



DISCUSSION

The most fundamental result from our analysis was that the extent of urbanization surrounding nest sites did not seem to have a strong influence on breeding performance. Thus, despite many additional stressors that may come from breeding within a more urbanized environment (Isaksson, 2015), black sparrowhawks appear able to cope with these challenges and produced similar number of chicks irrespective of the levels of urbanization around their nest sites. This result therefore adds to the findings of Suri et al. (2017), which explored influences of urbanization on chick health for this same black sparrowhawk population, and found no negative effect on a range of health parameters. Suri et al. (2017) suggested that the main prey species (doves and pigeons, Streptopelia semitorquata, and Columba livia) were plentiful across all habitats, and this abundance of prey may explain why there were no negative impacts of urbanization either on chick health and ultimately on the population's productivity. Thus, from these two studies it does seem that the species is able to cope well with the urban environment within the Cape Town region.

Contrary to our expectations, there was no direct relationship between the percentage of urban cover and timing of breeding. Many urban species are known to start breeding earlier compared to their rural counterparts (see reviews by Chamberlain et al., 2009), but these studies were located in the Northern hemisphere where the urban heat island effect might be beneficial (but see advanced incubation in Australian magpies Gymnorhina tibicen, Rollinson and Jones, 2002; and earlier first nest attempts for White-winged chough Corcorax melanorhamhos, Beck and Heinsohn, 2006). However, for black sparrowhawks in South Africa breeding coincides with the colder periods of the year, and within Cape Town with the rainy season (Martin et al., 2014a).

One of the most interesting findings from this study was the apparent difference in the degree of seasonal decline in breeding performance depending on the surrounding levels of urbanization. Declining productivity as breeding seasons progress is a well-known phenomenon, that has been documented in many bird species mostly in the Northern hemisphere (e.g., Both et al., 2004; Grüebler and Naef-Daenzer, 2010), but increasingly also in the Southern hemisphere (e.g., Garcia-Heras et al., 2016; Murgatroyd et al., 2016), including previously in our study system (Martin et al., 2014b). In addition to this pattern, however, we also found a convincing indication that the level of this decline differed depending on the extent of urbanization surrounding the nests. Thus, it appears that earlier on in the season productivity (the number of chicks produced) is highest for pairs breeding in more urban habitats, but later on this advantage disappears. In fact, when focussing on breeding success, we found significantly higher probability of nest failure in more urbanized areas later in the season.

Several other recent studies have documented differences in seasonal declines in breeding parameters between habitats, but usually on a larger geographical scale. For example, a similar result was noted for another South African raptor, the black harrier Circus maurus. Although the nests in that study were located in the different habitats, they were also often separated by large distances. The differences in seasonal declines in clutch size and to a lesser degree productivity that were found in that study were thought to be driven by differences in weather conditions between the areas (Garcia-Heras et al., 2016). Likewise Zárybnická et al. (2015) found different levels of seasonal declines between Tengmalm's owl Aegolius funereus breeding in either boreal or temperate forests. Here the differences were attributed to varying prey availability (small mammals) over the season influencing nestling mortality and failure rates. The only other study, as far as we know, to explore this issue in relation to urbanization, is the study by Wawrzyniak et al. (2015) on blue tits (Parus major). This study found that clutch size tended to decline during the breeding season in an urban setting but not within forest habitat. They also attributed this result largely to better prey availability within the forest habitat. Thus, in these other studies changes in either weather or prey were thought to be the drivers for differences in seasonal declines.

What might then be responsible for the relationship witnessed in our current study? It could be that food is more abundant in urban habitat earlier in the season. This could be the case if timing of breeding of avian prey species in urban areas follows the more usually trend seen for birds (Chamberlain et al., 2009). Thus prey may be more available, especially inexperienced juvenile prey, earlier on in the season, which may account for the higher productivity of earlier breeding black sparrowhawks within urban habitats compared to their rural conspecifics. Later on in the season, the situation may be reversed due to the later breeding of prey species in the more rural habitats. Unfortunately we have no information on the timing of breeding on any of the key prey species in the area in relation to urbanization nor are we aware of a seasonal variation in prey abundance (Suri et al., 2017). Additionally, we found that differences in productivity were principally driven by nest failures rather than differences in brood sizes of successful nests. Thus, the mechanism for the differential seasonal decline may not be food related, since prey abundance would be expected to impact brood sizes rather than to induce complete nest failures. Alternatively, we know from other studies that one of the main causes of nest failure in this black sparrowhawks is nest usurpation by Egyptian geese (Alopochen aegyptiaca, Curtis et al., 2007) and that this increases later in the breeding season (Sumasgutner et al., 2016a). Thus it may be that usurpation in more prevalent in more urbanized areas, since both species have recently expanded their South African range into the urban and suburban habitats of Cape Town (see Mangnall and Crowe, 2002 on Egyptian geese). This might further explain the significantly lower breeding success in more urbanized habitats later in the season, since the breeding season of Egyptian geese peaks later in the year (MacLean, 1997; Carboneras and Kirwan, 2016); when also the threat of nest usurpation increases (Sumasgutner et al., 2016a).

CONCLUSION

In this study we found no evidence that black sparrowhawks suffer from a decrease in breeding performance as a result of living in an urban environment, but timing of breeding was important, specifically in more urbanized areas. To summarize, black sparrowhawks appear to have successfully navigated various steps outlined by Møller (2014) of becoming an urban raptor species, which was likely facilitated by a reliable food supply (Suri et al., 2017) and abundant nesting opportunities in the form of alien tree species (Malan and Robinson, 1999).
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