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Abstract

The Luxury Effect hypothesizes a positive relationship between wealth and biodiversity within urban areas.
Understanding how urban development, both in terms of socioeconomic status and the built environment,
affects biodiversity can contribute to the sustainable development of cities, and may be especially important
in the developing world where current growth in urban populations is most rapid. We tested the Luxury
Effect by analysing bird species richness in relation to income levels, as well as human population density
and urban cover, in landscapes along an urbanization gradient in South Africa. The Luxury Effect was
supported in landscapes with lower urbanization levels in that species richness was positively correlated with
income level where urban cover was relatively low. However, the effect was reversed in highly urbanized
landscapes, where species richness was negatively associated with income level. Tree cover was also
positively correlated with species richness, although it could not explain the Luxury Effect. Species richness
was negatively related to urban cover, but there was no association with human population density. Our
model suggests that maintaining green space in at least an equal proportion to the built environment is likely
to provide a development strategy that will enhance urban biodiversity, and with it, the positive benefits that
are manifest for urban dwellers. Our findings can form a key contribution to a wider strategy to expand urban
settlements in a sustainable way to provide for the growing urban population in South Africa, including

addressing imbalances in environmental justice across income levels and racial groups.
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1| INTRODUCTION

The proportion of the world’s human population that lives in urban areas is now greater than that which lives
in rural areas, a trend that is expected to continue (United Nations, 2015). Sustainable development of cities
is one of the United Nations’ key development goals for 2030 (United Nations, 2018a). Urban development
can be considered both with respect to physical changes, in terms of the built environment, and to socio-
economic advancement, in terms of the wealth of citizens. Usually urban and socioeconomic development
increase in tandem (Sanderson et al., 2018). Generally, the development of the physical built environment
that characterises urbanization is likely to conflict with biodiversity conservation (Czech, 2008). However,
within urban areas there is actually considerable evidence that biodiversity measures correlate positively with
socioeconomic status (e.g. Hope et al., 2003; Martin et al., 2004; Luck et al., 2009; Shanahan et al., 2014;
Leong et al., 2016, 2018). This has been termed the ‘Luxury Effect’ (Hope et al., 2003), which posits that
areas of greater wealth have relatively enhanced biodiversity compared to poorer areas in urban landscapes.
Studies of biodiversity across spatial gradients in socioeconomic conditions may therefore give insights into
how development may affect biodiversity through space-for-time substitutions, a common approach in urban
ecological studies (McDonnell & Pickett, 1990; Batary et al., 2018).

Urbanization represents one of the most severe and irreversible forms of human impact (Grimm et
al., 2008; Aronson et al., 2014; Sol et al., 2014). Paradoxically, however, increasing urbanization may also
represent opportunities for environmental improvement due to positive influences of social progress. For
example, greater social mobility, wealth creation and female empowerment may lower population growth
rates, thus relieving pressure on resources, and increase educational standards, raising environmental
consciousness in the urban human population (Sanderson et al., 2018). To fulfil this potential, urban areas
need to grow sustainably, minimising harmful impacts before the future benefits can be realised (Sanderson
et al., 2018). Urban biodiversity can provide a means by which the human population, often detached from
everyday experiences of nature, can connect with and appreciate the wider benefits of biodiversity (Dunn et
al., 2006), which include cultural (e.g. Fuller et al., 2007; Dearborn & Kark, 2009; Belaire et al., 2015) and
environmental (e.g. Bolund & Hunhammar, 1999; Niemela et al., 2010) ecosystem services. However, the
opportunity to derive such benefits may vary according to socioeconomic status, typically leading to

environmental injustice, when access to urban biodiversity is not equal across all social, economic and



cultural levels of the urban human population (e.g. Kinzig et al., 2005; Shanahan et al., 2014). There is
therefore a need to understand how development (both physical and socioeconomic) impacts biodiversity in
order to plan and manage sustainable urban landscapes in line with key development goals, including
environmental justice for all urban dwellers.

The factors that affect urban biodiversity are complex and numerous (Faeth et al., 2011). However,
many studies have found that socioeconomic variables are closely correlated with important habitat variables
that likely drive urban biodiversity patterns, and that socioeconomic variables can be at least as good as
habitat variables in explaining species diversity across urbanization gradients (Kinzig et al., 2005; Luck et
al., 2009; Ackley et al., 2015; Magle et al., 2016). Whilst several studies have assessed variations in
biodiversity patterns (mostly plants and birds) in relation to socioeconomic factors in urban areas, they have
been almost exclusively conducted in single large cities within developed countries (e.g. Australia [Shanahan
et al., 2014; Zivinovic & Luck, 2016], USA [Hope et al., 2003; Loss et al., 2009] and UK [Pauliet et al.,
2005; Tratalos et al., 2007]). The evidence base is therefore overwhelmingly derived from relatively short
socioeconomic gradients in single large cities that are also highly biased towards higher levels of
socioeconomic development relative to the global range of conditions. No studies have considered animal
biodiversity in relation to socioeconomic gradients in Africa (further details on the geographic context of the
study are given in Appendix S1), even though it has the highest levels of people living in poverty (World
Bank, 2018). Given that population growth rates are highest in the developing world, that 95% of urban
expansion in the next decades will take place in the developing world (United Nations, 2018b), and that these
regions hold the highest levels of biodiversity and poverty (Fisher & Christopher, 2007), it is essential that
such studies exploring the influence of urbanization on biodiversity are undertaken in poorer, rapidly
urbanizing areas where they are most needed. Furthermore, urbanization in terms of both expansion of the
built environment and of human populations is as much linked to smaller towns and suburbs as it is to large
cities (Christiaensen et al., 2013), hence a broader landscape-scale approach is needed to fully assess the link
between socioeconomic development and biodiversity.

We analysed native bird species richness as an indicator of wider impacts of urbanization on
biodiversity (Blair, 1999; Alberti, 2005) across gradients characterized by different levels of physical and

socioeconomic development in a large sample of landscapes representing a gradient of urbanization across



South Africa. South Africa is considered a developing economy (IMF, 2017) and has amongst the highest
levels of income inequality in the world (Leibbrandt et al., 2010), from rich ‘westernized’ urban areas with
highly developed infrastructure to slum areas subject to extreme poverty (Appendix S1). This range of
conditions therefore presents an opportunity to assess the link between socioeconomic levels and biodiversity
across a gradient of urban development at a landscape scale. Furthermore, we consider three potential
development measures, socioeconomic status, urbanization and population density, in order to test their
independent effects on biodiversity along the gradient considered, as well as any interactions between them.
There were two specific objectives: (i) to test for the Luxury Effect by analysing the relationship
between native bird species richness and income level in urbanized landscapes in South Africa (Fig. 1), and
how this relationship is mediated by other key components of development, specifically human population
density and level of urbanization; (ii) to assess a potential biological driver of any such Luxury Effect by
analysing the relationship between vegetation cover and species richness, and vegetation cover and
development variables. In particular, we expect that the Luxury Effect should be explained, at least in part,
by greater tree cover in wealthier areas, as found in a number of other studies (Gerrish & Watkins; 2018).
Our work improves our understanding of how development can affect urban biodiversity and associated
environmental justice. Such an understanding can help to develop strategies that contribute to the successful

achievement of development goals.

2 | MATERIALS AND METHODS

2.1 | Bird data

Bird species richness estimates were derived using data from the second South African Bird Atlas Project
(SABAP2; http://sabap2.adu.org.za/), an ongoing citizen science programme whereby volunteer observers
record the presence of all species detected during timed visits to 5 min longitude x 5 min latitude grid cells
(‘pentads’ of approximately 9 x 9 km). We did not include exotic species as they can show different
responses to socio-economic status (Loss et al., 2009), and because it was questionable whether many exotic
species (especially wildfowl which made up a large proportion of non-natives) could be considered as being

in a wild state. Furthermore, native species are considered the priority (compared to exotic species) in terms



of retaining the biological distinctiveness of urban areas, and of promoting wider conservation goals
(McKinney 2006). We therefore consider only native species richness (although for brevity, we henceforth
refer to this as species richness). Multiple visits are usually carried out to each pentad, hence the species
recorded are based on a variable effort in terms of both time spent per visit (mean + SD = 160 + 90 min) and
in terms of the number of atlas cards (a species list made on each visit) per pentad (further details in
Appendix S2). Observers are given specific instructions to visit as many habitats as possible, in order that
the bird data are representative of the whole pentad. Eleven specific habitats are listed in the instructions that

should be particularly targeted, including urban and suburban environments (Harebottle et al., 2008).

2.2 | Selection of study areas

Urban areas were identified using the South African National Land-Cover Dataset from 2013-14
(Department of Environmental Affairs, 2015), which categorizes 30m x 30m raster grid cells into dominant
land-cover classes (“parent” classes) and several land cover types using multi-seasonal Landsat 8 imagery.
We focussed on the “urban” parent class, which was defined as the following land use types: industrial,
commercial, informal settlement, residential, schools & sports, small-holding, sports/golf, township, village
and city. The total area of urban land was calculated by summing the area of urban parent class grid cells (i.e.
the aforementioned land use types) for each pentad. This value was then divided by the total land area in a
pentad to give the proportion covered by urban land (henceforth referred to as ‘urban cover’). This was used
to select pentads for analysis (as a categorical variable — see below), and to model effects of urbanization on
native bird species richness.

To select pentads for the analysis, three urbanized land-cover subclasses were defined based on the
urban cover: peri-urban (5-20% urban), suburban (21-50% urban) and urban (>50% urban). Pentads with <
5% urban cover were not included. The focus of the study was on larger urban landscapes which showed a
degree of variation in the level of urbanization. Within our classification, we therefore selected peri-urban
pentads that were adjacent to at least one other pentad of a different urban land-cover sub-class (i.e. either
suburban or urban; Fig. 1 and Fig. S1) to ensure that pentads were sampled from larger urban landscapes,

rather than small, relatively isolated rural settlements.



FIG1IXXX

2.3 | Quantifying development

Household income levels are commonly used in studies of socioeconomic data and provide the most direct
test of the Luxury Effect (Leong et al., 2018). We derived our socioeconomic measures of median annual
household income (in South African Rands, where 1R was equivalent to ¢. US$0.15 in 2011; http://www.x-
rates.com/historical/?from=USD&amount=1&date=2011-06-01), and population density from the 2011

South African National Population Census (Statistics South Africa, 2012), in which approximately 15

million households were surveyed (data available at www.statssa.gov.za). These data were selected to match
the time period as closely as possible to the bird data (2013-14). The lowest spatial resolution of the data was
a small area unit (85 907 polygons for South Africa, where a polygon was a variable sized small area unit
containing ¢. 200 households), and median household income per pentad was derived as the median proxy
income value for all small area units with their polygon centroid located within a pentad. Median income
was closely associated with a range of other socioeconomic variables derived from the same census data
(Fig. S3) and can be considered as a proxy measure for socioeconomic status. Human population density,
which was also obtained from the 2011 census data (Statistics South Africa, 2012), was the total number of
individuals across all small area units within a pentad. It was included in our analysis to account for those
urban pentads that were mostly associated with commercial and industrial properties (i.e. with few residents).
Median income across the pentads varied between R14 010 and R443 500 (between US$2 102 and US$66
525, median = R27874, US$4182), and population density between 1 and 6885 inhabitants per km? (median
= 337). Both variables were log-transformed prior to analysis. Urban cover (i.e. proportion of land in the
urban parent class) was used as our measure of urbanization (as per Suri et al., 2017) in the analysis to
account for effects of urbanization on biodiversity and varied across the pentads from 6% to 82% (median =

24.6%).

2.4 | Vegetation data
Vegetation cover has been shown to significantly influence bird communities in urban landscapes

(Fernandez-Juricic, 2004; Nielsen et al., 2014). The percentage tree cover was used as a proxy for general


http://www.statssa.gov.za/

vegetation cover as it was strongly correlated with NDVI, a measure of general ‘greenness’ (rzg; = 0.86, p <
0.0001), it is an element that can be managed (e.g. planting and maintenance of street trees; Kuruneri-
Chipeto & Shackleton, 2011), and it has been shown to be positively correlated with socioeconomic status in
urban areas (e.g. Kardan et al., 2015; Gerrish & Watkins, 2018), including in South Africa (Gwedla &
Shackleton, 2017). Tree cover was therefore assumed a likely driver of bird communities and a potential
mechanism for the Luxury Effect. Tree cover was extracted from the Global Land Cover Facility — Landsat

Tree Cover dataset at a 30m resolution (Sexton et al., 2013) and was summed for each pentad.

2.5 | Analytical approach

Citizen-science data are challenging to analyse because the observation process has to be taken into account
in order to minimize bias (Altwegg & Nichols, 2019). In addition to carefully designed methods, the analysis
should include adequate data screening and use of analytical techniques such as occupancy modelling in
order to reduce biases typical of citizen-science surveys (lsaac et al., 2014; Altwegg & Nichols, 2019). To
screen the data, we first removed pentads that only had single visit atlas cards, pentads without
corresponding socioeconomic or land cover data, and pentads that had land cover estimates for <75% of the
total area (e.g. to remove those with large areas of unknown land cover), leaving a final sample size of 3233
atlas cards for analysis from 385 pentads (180 peri-urban, 144 suburban, 61 urban) from 22 metropolitan
areas (Table S1). In order to avoid bias towards hyper-sampled sites (the range of atlas cards considered was
from 2 — 650 per pentad) and to minimize the likelihood of the closure assumption being violated in
occupancy models (see below), we first limited the number of atlas cards analysed per pentad by randomly
selecting a maximum of 11 atlas cards (equal to the median number) per pentad (Appendix S3). This step
was necessary to avoid bias in overall likelihood estimates of detection and occupancy probabilities (and
hence species richness) which may be strongly weighted towards hyper-sampled pentads. Within the range
considered (i.e. 2 to 11 cards), there was no obvious relationship between estimates of species richness and
number of cards used in the analysis, so although uncertainty around species richness was generally lower
with more cards, it is unlikely that the variable number of surveys introduced substantial bias into our

guantification of mean species richness for each pentad (Appendix 3, Fig. S4).



We then used a two-step approach to explore the relationship between avian species richness and
socioeconomic variables across a landscape gradient ranging from highly urbanized areas to peri-urban areas
with a relatively low urban cover. First, we used a multi-species occupancy model in a Bayesian framework
to estimate species richness on the pentad scale while accounting for imperfect detection in the atlas data
(Dorazio & Royle, 2005; Dorazio et al., 2006; Kéry & Royle, 2016). In a separate model, we then analysed
the relationship between the derived species richness from the first model and a set of covariates in order to
test for an association with income (i.e. the Luxury Effect), and of urban cover and population density.

We jointly estimated detection and occupancy probability of each species in a hierarchical manner.
The description of the ecological process underlying the latent state of occurrence (presence or absence) zj

of species k in pentad i is modelled as a Bernoulli random variable,

Zix ~ Bernoulli(y;y),

where s is the occupancy probability of species k in pentad i. The observation process is modelled as
another Bernoulli random variable such that the observed detection/non-detection data, i, given the true

presence or absence of a species z;y is represented as

Vijk|Zix ~ Bernoulli(zix * pijx),

where pj;y is the probability of detecting species k in pentad i during atlas card j. We sought to model
species-specific relationships of both occupancy and detection and so included species identity as a random
effect.

We modelled detection probability as a function of two covariates associated with each atlas card
(Julian day and survey duration) and one pentad level covariate, road density (as mean number km/pentad
derived in ArcMap 10.4 from gRoadsV1, 2013), which is an important predictor of sampling effort (Hugo &
Altwegg, 2017). Given that Julian day is a circular variable (i.e. values of 1 and 365 are more similar than
180), we converted this variable to radians. First, we created an angle equal to Julian day/365*360. We then

took that angle and converted to radians by applying the formula cos(n*Julian day angle/180). This gave a



value between 1 and — 1 where positive values corresponded to summer months and negative values to
winter months. We used species random effects for both the intercept and slope parameters () yielding the

equation:

logit(pijk) = Ipk + B1ik * JulianDay + f,x * RoadDensity + 5y * SurveyDuration

To calculate species richness in a pentad, we summed the z;,. values for each pentad. After running the
occupancy models, we extracted the estimated species richness and associated measure of uncertainty for
each pentad. We used the Bayesian modelling software JAGS 4.2.0 (Plummer, 2003) called through the
jagsUI R package (Kellner, 2016). We ran 3 chains of 10 000 Markov Chain Monte Carlo (MCMC)
iterations, each with a burn-in period of 2 000 iterations. Samples where thinned at a rate of 2. We used
uninformative priors from the uniform distribution bounded by 0 and 1 for all occupancy parameters and
normal distributions for covariate parameters. Initial values for parameters were chosen at random. In order
to assess MCMC chain convergence, we used a combination of diagnostic traceplots and the Gelman-Rubin
statistic (Gelman &Hill, 2007), where values < 1.1. indicate convergence. Covariates were standardised prior
to input into models.

South Africa shows marked geographical trends in species richness, which is likely a consequence of
a range of environmental variables (e.g. climate, topography, altitude and vegetation). Regional species
pools are therefore likely to vary in composition and richness according to geographic location, resulting in
spatial autocorrelation among sample pentads. We accounted for this background geographical effect by
using distance-based Moran’s eigenvector maps (MEMs; Dray et al., 2006, 2012), representing spatial
structures at multiple scales, to generate spatial predictor variables across the selection of pentads. The
MEMs provide a decomposition of the spatial structure and relationships between each of the sample
pentads. MEMSs were modelled in a separate step prior to the main model, following which, four MEMs
representing the broad-scale variation were included in the final modelling procedure to account for spatial
effects (see Appendix S3 for derivation of spatial variables).

We then fitted a linear regression to model the effects of median income (IncMed), urban cover

(UrbCov), population density (PopDen), spatial structure (MEMs 1- 4) and the interaction between income



and urban cover on estimated species richness. The full model estimating species richness (N) included all

single-term covariates and the interaction between income and urban cover and can be written as

N =g+ B1 * IncMed + (3, * UrbCov + (33 * PopDen + 4 * MEM1 + 35 * MEM2 + (¢ * MEM3 + (3,

* MEM4 + g * IncMed * UrbCov

We confined the analyses to linear covariate effects. There was no evidence that non-linear covariates or
more complex interactions provided a better model fit (Appendix 3), hence we adopted a parsimonious
approach and based our inference on the simplest model possible. Potential effects of collinearity amongst
predictor variables were examined by calculating Variance Inflation Factors (VIFs) using the AED package
(Zuur et al., 2009). There was no evidence of strong collinearity (VIFs < 3.0). Inspection of diagnostic plots
indicated that the species richness models had a good fit in that residuals were normally distributed with
fairly constant variance across the range.

We used an AIC model selection approach (Burnham & Anderson, 2002) to evaluate the strength of
several candidate models based on different combinations of socioeconomic covariates in the full model.
The best model set was defined as those models within 2 AIC units of the best ranked model (i.e. AAIC < 2).
Spatial variables accounting for large-scale geographical patterns and hence spatial autocorrelation were
included as constant in all models. We then carried out the same approach substituting tree cover for
socioeconomic variables and their interactions to explore which variable has most explanatory power with
respect to species richness. Finally, we added tree cover to the full socioeconomic model (above) to

determine whether it had additive effects (hence decreasing AAIC).

3| RESULTS

3.1 | Evidence for a Luxury Effect in South African birds

There was a single best model (AAIC = 7.38) that accounted for 95% of the total model weight (Tablel), and
which included population density, median income, urban cover, and the interaction between median income
and urban cover (Table 1). Bird species richness was negatively associated with urban cover , but there was

no evidence for an association with human population density (Fig. 2). There was no strong evidence of the



Luxury Effect when considering median income alone — the beta coefficient was positive, but confidence
limits overlapped zero (Fig. 2). Importantly, however, the significant interaction showed that species richness
increased with income level in less urbanized areas (i.e. when urban cover was relatively low), but that the
opposite occurred in highly urbanized areas (Fig. 3). In other words, high income, relatively less urbanized,
areas had the highest species richness, whilst similarly wealthy, but highly urbanized, areas had the lowest
species richness. In contrast, species richness was less markedly affected by urbanization in poorer areas,
which showed relatively little variation in species richness, and which was generally low compared to richer
areas in all but the most urbanized pentads (Fig. S6). There were also significant spatial effects, indicating
that species richness was spatially structured at very broad scales (Appendix S3). This makes sense given
that the broad scale geographic gradients cover several different biomes with different avifaunal
communities (Fig. 1, Fig. S5). The model with only spatial effects and median income performed poorly
(AAIC = 25.74), showing that effects of income are not strongly evident without accounting for urbanization

level in South African urban landscapes.

FIG2XXX

FIG3XXX

An alternative representation of the significant interaction between urbanization level and median

income is given in Fig. 4, which shows the linear effect of median income on species richness at four

different levels of urban cover. At low levels of urbanization, species richness increases with median income,

but increasing urbanization affects this relationship. There is no relationship (i.e. slope = 0) at approximately

38% urban cover (see also Fig. S5), after which the relationship becomes negative, hence the Luxury Effect

is only supported below this threshold.

FIG4AXXX

3.2 | The effect of tree cover on urban bird species richness



Tree cover had similar effects to median income when substituted for it in the best ranked model in Table 1,
i.e. a positive effect (albeit significant this time) and a significant interaction with urban cover (Fig. S7).
This model was equivalent to that for median income (AAIC = 0.40). Moreover, adding tree cover to the
other variables in Table 1 resulted in an improved model fit (AAIC = 3.64; Table S4, Fig. S8), suggesting
that both the interactive effect of median income and urban cover, and tree cover, are important predictors of
bird species richness across our sample of pentads. This model explained 16% of variation in the data.
Notably, there was a negative (though relatively weak) correlation between median income and tree cover (r
=-0.14, p < 0.01), and VIFs in this model were low (< 3.0). There was no correlation between tree cover and
either urban cover (r =-0.08, p = 0.12) or population density (r = -0.02, p = 0.63). The result in Fig. 3
therefore cannot therefore be explained by a relationship between income and tree cover — rather, tree cover
has independent additive effects on species richness. A Luxury Effect mediated through an interaction with
urban cover is therefore still supported when accounting for a key potential ecological driver of urban

biodiversity.

4| DISCUSSION

At the landscape scale considered (c. 9km X 9km), there was no strong support for a Luxury Effect on native
South African bird species richness when considering effects of median income alone. However, there was
evidence that the Luxury Effect was mediated by an interaction with the level of urbanization: species
richness increased as income level increased, but only in areas with relatively low levels of urbanization. As
landscapes became more urbanized, the effect became negative; the lowest species richness was in highly
urbanized, rich areas.

Our findings imply that within South Africa, socioeconomic development will increase biodiversity
initially, but as urbanization increases, the effect of socioeconomic development flips and becomes negative.
Our model suggests that the point at which development of the built environment has negative impacts on
biodiversity is 38% urban cover (Fig. 4). In our sample, these more urbanized areas comprised a total of 100

out of 385 pentads (26%; Fig. S2). Thus, for 74% of the sampled sites in this study, there was broad support



for the Luxury Effect. Nevertheless, the results show that continued urbanization is likely to negate any
positive effects of socioeconomic status on biodiversity due to effects of increasing urban cover. Our third
measure of development, population density, did not have any effect on biodiversity. If urbanization
increases without concomitant increases in socioeconomic status, then the richest areas will only experience
negative effects, whereas the poorest areas will see little change in biodiversity, which will remain relatively
low. On average, therefore, there is evidence of environmental injustice in urban South Africa in that poor
areas have lower average biodiversity. Furthermore, within South Africa, this is also divided along racial
grounds — poorer areas, with a higher proportion of black households and a lower proportion of white
households (Fig. S3), had lower bird diversity.

The lack of a clear effect of urbanization in poorer areas is surprising, but may be related to more
intensive management of non-urban land for subsistence in poor rural areas (i.e. management to maximize
production and minimise impacts of weeds and herbivorous invertebrates), and possibly even localised
hunting of wild birds for food (e.g. McGarry 2008). Within South Africa, there is support for a Luxury Effect
on vegetation species richness, but this is largely driven by an increase in alien and often ornamental species
in affluent, white racial group-dominated areas (Kuruneri-Chipeto & Shackleton, 2011; Davoren et al., 2016;
Gwedla & Shackleton, 2018). In contrast, utilitarian plants that provide food and medicine predominate in
poorer areas that are mainly populated by African and Coloured racial groups (Lubbe et al., 2010; Davoren et
al., 2016). Given the investment in utilitarian plants as a means to provide sustenance and additional income
to households in conditions of high job insecurity (Lubbe et al., 2010), allied with possible cultural
differences in vegetation management (as found elsewhere; Clarke & Jenerette 2015), it seems likely that
vegetation will be managed more intensively and hence has the potential to be less species rich compared to
that in wealthier areas which may be largely managed for aesthetic reasons. This in turn may have effects on
higher trophic levels, including birds.

Two of the main mechanisms proposed to explain the Luxury Effect are: a greater investment in
management of vegetation (both public and private) in richer areas; and, a greater demand for housing in
greener and more biodiverse areas which thus increases property prices (Leong et al. 2018). These are not
mutually exclusive. In both cases, the Luxury Effect for birds would be driven by a cascading effect of

enhanced plant communities in wealthier areas (e.g. Lermann & Warren, 2011; Luck et al., 2013). However,



although tree cover was significantly related to bird species richness, we found no evidence to suggest that
this was underpinning the Luxury Effect observed for South African birds: our income-urban cover
interaction term still contributed to variation in species richness, even after accounting for tree cover. We
had limited data at our disposal to fully test the mechanisms that might underpin the Luxury Effect.
Nevertheless, this result is interesting given the importance of trees for urban biodiversity in general.
Furthermore, the fact that there are additive effects of wealth and tree cover suggests that enhancing tree
cover in urban areas can have additional effects to other benefits of socioeconomic development on
biodiversity.

We have used a large sample of urbanized South African landscapes to provide the first test of the
Luxury Effect on African bird species richness. Whilst we believe our results provide important insights into
potential impacts of socioeconomic and physical development, there are nevertheless some caveats on the
interpretation of the results. First, in common with the vast majority of Citizen Science-based atlas data, we
do not know the precise locations surveyed for any given visit within a pentad, so the extent to which
systematic biases in observer behaviours may have affected the results remains unknown. However, we
know that urban areas were amongst the habitat specifically targeted (Harebottle et al., 2008) and that there
is a general bias in coverage towards urban areas (Hugo & Altwegg, 2017), so we believe that even in peri-
urban pentads, urban coverage is likely to have been adequate. Furthermore, although we cannot control for
spatial effort, we did control for the effort in terms of the number of cards submitted and the time spent
surveying. Second, our measure of human population density was based on where people were resident, so
industrial but highly urbanized areas would likely have had a low population density. However, such areas
may be temporarily highly populated during working periods, so potential effects of high human population
density may not be fully taken into account by considering residential areas only. Nevertheless, we expect a
more constant disturbance in residential areas. Furthermore, high urban — low population density pentads
were uncommon (n = 24 in both the lower 25% quartile of population density and the upper 25% quartile of
urban cover), hence we do not believe that this potential bias is likely to have greatly affected our outcomes.

We assessed spatial associations between bird species richness, and socioeconomic and physical
variables, at a landscape scale. To what extent can this information be used to assess potential impacts of

future development? It is often assumed that such inferences can be drawn using the gradient approach (i.e.



space-for-time substitution; McDonnell & Pickett, 1990). However, in terms of the two key development
variables considered here, income and urban cover, there is as yet limited evidence that such gradient
approaches can really be used as a basis for assessing future scenarios of urban and/or socioeconomic
development. For example, we are unaware of any study that has explicitly tested the Luxury Effect over
time in birds. However, in plants, there is evidence of a temporal Luxury Effect in terms of species richness
peaking in periods of economic prosperity (Ripplinger et al., 2017), and also evidence that the strength of the
relationship between income levels and vegetation cover increases over time (Jenerette et al., 2011). We
believe that our results give sound general guidelines on how to introduce new settlements into urbanizing
landscapes, and how such guidelines may be influenced by differing socioeconomic trends. However, we
acknowledge that further research is needed, both in terms of long-term monitoring, and in terms of finer-
scale studies, rather than the relatively large landscape scale (c. 9 x 9 km) used here. Furthermore, such
studies should be replicated in other areas of the developing world in order to assess the extent to which the
effects of socioeconomic status on biodiversity are evident in different geographical contexts.

Our findings have important implications in terms of designing new, sustainable, settlements for
growing populations in developing countries. Indeed, sustainable cities and communities comprise one of the
United Nations’ key development goals for 2030 (United Nations, 2018a), which includes reduction of
environmental impacts of cities, sustainable urbanization through planning and management, provision of
affordable housing and upgrading slums, and provision of access to urban green space, all within the overall
goal of universal and sustainable economic growth. Assuming development goals relating to improving
poverty levels can be met (leading to increased socio-economic status), then to minimise harmful impacts on
biodiversity, urban planning should maintain the level of urban cover below a level at which negative
associations were seen. Using our threshold of 38% as a general guide, we suggest that development should
strive to maintain an urban cover of lower than 50% at the landscape scale considered here in order to
achieve sustainable urban development. Given that population density did not have negative effects in our
analyses (but see above), this could be achieved by high density housing (e.g. apartment blocks) within a
matrix of green space that could enhance opportunities for improvement of the social and environmental
quality of the urban environment (e.g. recreation areas, communal gardens, urban nature reserves). It seems

likely that initiatives such as increasing tree cover (Ferndndez-Juricic, 2004; Nielsen et al., 2014) and the



proportion of native rather than exotic plants (Dures & Cumming, 2010) would improve the value of any
such green spaces in an urban context. Whilst the variation in avian species richness explained by our model
was relatively high for a large-scale ecological study, it also suggests much unexplained variation that may,
at least in part, have been caused by fine-scale habitat features other than tree cover within our urban
landscapes which we were unable to measure.

We acknowledge that planning new urban development needs to take into account the biodiversity
value of the land on which development takes place (e.g. Geschke et al., 2018), as well as social aspects that
can benefit local communities and hence further address additional key development goals for Sustainable
Cities and Communities. However, given the widely acknowledged benefits of green space for urban
dwellers (Fuller et al., 2007; Dearborn & Kark, 2009; Belaire et al., 2015), we see our findings as a key part
of any wider strategy to plan expanding urban settlements in a sustainable way, including addressing

imbalances in environmental justice across income levels and racial groups.
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TABLE 1 Results of the model selection procedure showing the top five best performing models, and the
null model. Models are ranked in terms of AIC. The best model set was considered as those where AAIC < 2.
Model weights (AICWt), cumulative model weights (Cum.Wt) and the number of estimable parameters (K)
are also given. Spatial variables are represented in the table as ‘MEM’, comprising four separate variables
(MEM1-4) which were included to capture large-scale geographic variation in bird species richness (Fig.
S5). These were held constant in all models. MedInc = median income, PopDen = human population density,
UrbCov = urban cover.

Model K AAIC AICWt CumWt

MEM1 + MEM2 + MEM3 + MEM4 + UrbCov + PopDen + MedInc + 10 0.00 0.95 0.95
UrbCov* MedInc
MEM1 + MEM2 + MEM3 + MEM4 + UrbCov

MEM1 + MEM2 + MEM3 + MEM4 + UrbCov + MedInc

MEM1 + MEM2 + MEM3 + MEM4 + UrbCov + PopDen

MEM1 + MEM2 + MEM3 + MEM4 + UrbCov + PopDen + MedInc
Null

7.38 0.02 0.97
8.59 0.01 0.98
8.82 0.01 0.99
10.06 0.1 1.00
44.02 0.00 1.00

N © 00 00




FIGURE CAPTIONS

FIGURE 1 Location of pentads contributing bird data to the analysis in South Africa (see inset top-left for
geographical location within Africa). Pentads were defined into three subclasses: peri-urban (green, 5-20%
urban cover), suburban (orange, 21-50% urban cover) and urban (red, >50% urban cover). See Fig. S1 for

more detailed examples. Major cities (human population > 250,000 inhabitants) are also indicated.

FIGURE 2 Model outputs for the effects of median income (MedInc) human population density (PopDen),
urban cover (UrbCov) and spatial structure (MEM1-4) on model-derived parameter estimates of bird species
richness in South African urban landscapes. Beta coefficients and 95% Bayesian credible intervals for
estimating the associations between bird species richness and median income, urban cover and their
interaction, human population density, and spatial effects, are presented. Effects were considered significant

when credible intervals of the estimate did not overlap zero.

FIGURE 3 Interactive effects of median income and urban cover on bird species richness (central panel),
and examples of representative landscapes (outer panels). Estimated species richness was derived from the
parameter estimates presented in Fig. 2, and incorporates detectability of individual species. Urban cover was
expressed as the proportion of a pentad with land-cover types within the urban parent class. Median income
is the log-transformed median household income, in Rands, at the pentad level. Note that analysis was
performed on centred and scaled predictor variables, but they are presented here as unscaled, uncentred
values to aid interpretation. Illustrated landscapes were high income, low urban cover (a), high income, high
urban cover (b), low income, low urban cover (c), and low income, high urban cover (d). Italicised letters on
the graph indicate approximate income and urban cover values that correspond to the images in the outer

panels. Images supplied by Chevonne Reynolds (a, b and d) and Dr James Waters (c).

FIGURE 4 Alternative representation of the interactive effect of median income and urban cover on species
richness, showing the response of species richness to income at different levels of urban cover. Median
income is the log-transformed median household income, in Rands, at the pentad level. Note that analysis
was performed on centred and scaled predictor variables, but they are presented here as unscaled, uncentred
values to aid interpretation. The point at which the effect of urban cover on species richness switches from

positive to negative (i.e. a slope of 0, indicated by the thin horizontal line) was 38%.
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FIGURE 1 Location of pentads contributing bird data to the analysis in South Africa (see inset top-left for
geographical location within Africa). Pentads were defined into three subclasses: peri-urban (green, 5-
20% urban cover), suburban (orange, 21-50% urban cover) and urban (red, >50% urban cover). See Fig.
S1 for more detailed examples. Major cities (human population > 250,000 inhabitants) are also

indicated.
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FIGURE 2 Model outputs for the effects of median income (MedInc) human population density
(PopDen), urban cover (UrbCov) and spatial structure (MEM1-4) on model-derived parameter estimates
of bird species richness in South African urban landscapes. Beta coefficients and 95% Bayesian credible
intervals for estimating the associations between bird species richness and median income, urban cover
and their interaction, human population density, and spatial effects, are presented. Effects were

considered significant when credible intervals of the estimate did not overlap zero.
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FIGURE 3 Interactive effects of median income and urban cover on bird species richness (central panel), and examples of representative landscapes
(outer panels). Estimated species richness was derived from the parameter estimates presented in Fig. 2, and incorporates detectability of individual
species. Urban cover was expressed as the proportion of a pentad with land-cover types within the urban parent class. Median income is the log-
transformed median household income, in Rands, at the pentad level. Note that analysis was performed on centred and scaled predictor variables, but
they are presented here as unscaled, uncentred values to aid interpretation. lllustrated landscapes were high income, low urban cover (a), high
income, high urban cover (b), low income, low urban cover (c), and low income, high urban cover (d). ltalicised letters on the graph indicate
approximate income and urban cover values that correspond to the images in the outer panels. Images supplied by Chevonne Reynolds (a, b and d)
and Dr James Waters (c).
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FIGURE 4 Alternative representation of the interactive effect of median income and urban cover on
species richness, showing the response of species richness to income at different levels of urban
cover. Median income is the log-transformed median household income, in Rands, at the pentad
level. Note that analysis was performed on centred and scaled predictor variables, but they are
presented here as unscaled, uncentred values to aid interpretation. The point at which the effect of
urban cover on species richness switches from positive to negative (i.e. a slope of 0, indicated by the
grey horizontal line) was 38%.
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