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ABSTRACT ARTICLE HISTORY
Urbanization transforms the landscape and generates loss of Received 15 March 2016
pristine habitats. We investigated the urbanization effect on Accepted 21 August 2017
bird communities in a growing South American city (Santa Fe, Online 15 September 2017
Argentina) and hypothesized that if habitat structure and KEYWORDS

human disturbance change along an urban gradient, the rich- Birds; urban gradient;
ness and abundance of trophic guilds should also vary accord- human disturbances; habitat
ingly. We placed 50 transects 100 m long x 50 m wide in five structure; trophic guilds
districts with different levels of urbanization, determined by

habitat structure variables. We recorded the number and abun-

dance of species and the amount of pedestrians and vehicles

passing through each transect. We recorded 23% of all bird

species known for the Santa Fe province and categorized

them within 19 trophic guilds. The percentage of area covered

by herbaceous vegetation, water bodies and trees and shrubs

had a positive relationship with the richness and abundance of

most of trophic guilds (hawking aerial, terrestrial, bark and

foliage insectivores; terrestrial and generalized granivores; gen-

eralized, aquatic diving and foliage omnivores; hawking aerial,

aquatic diving and striding carnivores; nectarivores; and aquatic

filters). Pavement surface and human disturbance variables had

a negative relationship with the richness, and high buildings

and pavement surface had a positive relationship with the

abundance of terrestrial omnivores and coursing aerial insecti-

vores. Variation partitioning revealed that habitat structure and

human disturbance were better predictors of the richness than

the abundance of each trophic guild. Results showed that

trophic guilds associated to vegetation strata were seen to

increase their richness and abundance towards green areas,

even if they presented generalist or specialist habits. Urban

planners should conserve or manage the surrounded natural

spaces when the growth of the city is directed to these areas

and increase the availability of environmental features within

the urban matrix.
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Introduction

Urbanization replaces pristine environments and agricultural areas mainly by pavement,
buildings and green spaces dominated by exotic vegetation (Pauchard et al. 2006). As a
result, urban systems are more similar among themselves worldwide than to previous
pristine habitats (McKinney 2006). This process alters biogeochemical cycles, weather,
hydrological systems and biodiversity at different temporal and spatial scales (Grimm
et al. 2008; Long et al. 2016; Cao et al. 2017) and generates the loss of natural habitats
and native species (Giraudo 2009). Most of the world human population inhabits urban
areas and the United Nations (2008) hopes that it will reach 70% by 2050. Urban
environments will continue to expand and per capita resource consumption will
increase accordingly (Kennedy et al. 2007). Knowledge about the effects of urban
areas on biota is needed in order to protect biodiversity (Threlfall et al. 2016). The
urban-rural gradient approach has been widely used by urban ecologists to quantify
variation in the ability of species to adapt to changes along the gradient (Mcdonnell and
Pickett 1990; McKinney 2006). These studies have found that both natural and anthro-
pogenic habitat features induce changes in bird communities (MacGregor-Fors and
Schondube 2011). Urbanization acts as a filter of species on the basis of their biological
traits (Croci et al. 2008; Silva et al. 2016). For example, omnivorous and granivorous
guilds are better represented in the cities by both native and exotic species with wide
geographical distributions (Chace and Walsh 2006). Generalist habits allow consumption
of the various resources that belong to human systems. Therefore, insectivorous and
frugivorous species prefer larger green spaces with higher vegetation cover and diver-
sity, whilst generalist and opportunistic species are favoured by urban infrastructure
features such as cables, lightning rods and building height and cover (Kark et al. 2007;
Carbé-Ramirez and Zuria 2011; MacGregor-Fors and Schondube 2011). Knowledge of the
proportional representation of guild members of a community in different levels of
urbanization can therefore be useful to determine causes of avifaunal changes related to
urbanization (Kark et al. 2007; Meffert and Dziock 2013).

Habitat structure is a relevant factor that explains the diversity of bird assemblages in
urban systems. The presence, distribution and extent of parks and natural patches within
the urban matrix can increase both habitat dimensions and available niches, and
consequently the diversity of native species (van Rensburg et al. 2009; Fontana et al.
2011; Vignoli et al. 2013; Matsuba et al. 2016). Raptor and falcon species may be
favoured by urbanization because they are free from persecution and could have an
adequate food supply in green spaces such as parks (Chace and Walsh 2006). However,
there are patterns that need to be clarified. Significant positive associations between
high levels of urbanization and richness of nectarivores in tropical cities such as
Singapore were reported (Lim and Sodhi 2004), while in cities with diverse climatic
conditions the opposite was observed (Reynaud and Thioulouse 2000; Pauw and Louw
2012). Most species that achieve colonization of the urban matrix usually have broader
environmental tolerances (Bonier et al. 2007). Nevertheless, the management of urban
green spaces in a way to compensate the loss of pristine areas and resources may
increase the opportunities of colonization of many native species (Fontana et al. 2011).

Human disturbance seems to be another important factor affecting urban bird
communities. MacGregor-Fors and Schondube (2011) found that passing cars and
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pedestrian rate, as well as the number of dogs, do not limit generalist species associated
with highly urbanized areas, but do limit native species. Gonzélez-Oreja et al. (2012)
reported a negative relationship between human disturbance, as measured by back-
ground noise levels, and species richness of the songbird assemblages in parks of a
Mexican city, which implied that the louder the background noise level, the poorer the
site. In addition, Lin et al. (2012) indicated that bird species with a high propensity to
disperse and with large population sizes tend to tolerate more human disturbance, in
terms of flight-initiation distance. Herrera-Montes and Aide (2011) found that anthro-
pogenic noise reduces the bird community diversity by interfering with or masking
important social signals in species with low frequency songs.

Both human disturbance and urban system structure produce a taxonomic and
functional simplification of the urban bird community (McKinney 2006). Cities homo-
genize the physical environment because they are built to meet the relatively narrow
human needs, regardless of the bioregion where they are located. Synanthropic species
adapted to intensely modified built habitats at the urban core consist mainly of general-
ist species and are found in cities worldwide. Therefore, urbanization may favour similar
groups of birds and traits across the different biogeographical regions (Silva et al. 2016;
Leveau et al. 2017). Research on the effects of urbanization on bird communities would
help planners and environmental managers to develop strategies for structuring cities in
order to maintain or enhance native biodiversity and counteract the homogenizing
effect of urbanization (e.g. Meffert and Dziock 2013; Vignoli et al. 2013).

Most of the studies have been carried out in the Northern Hemisphere. Studies from
South American urban areas are still scarce (e.g. Leveau 2013; Silva et al. 2016). The
avifauna of the Santa Fe province (Argentina) is almost completely recorded and
includes 431 species, which places Santa Fe among the most diverse regions of the
subtropical-temperate South America (Fandifio and Giraudo 2010). Nevertheless, the
response of birds to anthropogenic disturbances in this area is poorly known, with only
two studies that analysed the effect of agricultural development in a unique threatened
species (Filloy and Bellocq 2006) and the effect of rural housing in gallery forest bird
communities (Rossetti and Giraudo 2003). However, the urbanization effect on bird
assemblages remains poorly understood. In addition, in order to face the growth of
the population in the Santa Fe city during the last years (5.8% for the period 1991-2001),
an increase of the extension of the Santa Fe city towards the north has been proposed,
as well as the creation of a ‘metropolitan space’ that connects Santa Fe and the
surrounding cities (Soijet et al. 2012). The region where these cities are settled is part
of the floodplain of the Parana River, the second largest river system in South America
and it is also included in the southernmost of the ‘Atlantic Forest Biodiversity Hotspot’,
one of the most biodiverse and threatened ecosystems in the world (Giraudo et al. 2003;
Ribeiro et al. 2009). The region that include Santa Fe city was proposed as both regional
and worldwide priority area for conservation efforts (Dinerstein et al. 1995; Myers et al.
2000; Arzamendia and Giraudo 2012). As the increase in the extension of Santa Fe city
towards the surrounding cities may impact on biodiversity, we investigated the relation-
ship between the urban matrix structure and bird communities in order to establish
some base guidelines to contribute to its growth. We hope this will contribute to urban
planning in other growing cities like Santa Fe in the biodiversity hotspot of the Parana
river system. We used a ‘guild approach’ and an ‘urban gradient approach’ to represent
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the bird community and the urban areas, respectively (Mcdonnell and Pickett 1990). We
hypothesized that if habitat structure and human disturbance, as measured by passing
pedestrian and vehicle rates, are substantially different along an urban gradient, the
diversity of trophic guilds should also vary accordingly (Blair 1996).

Material and methods
Study area

The study was conducted in Santa Fe city (31°38'0" S, 60°42'0" W), Argentina (Figure 1).
Santa Fe covers an approximate area of 1156 km? and houses 525,093 people (INDEC
2010). It has a temperate climate; the mean daily temperature is about 19.55°C and the
approximate annual rainfall is 990.4 mm (National Meteorological Services, http://www.
smn.gov.ar/). The topography is flat. The major primeval vegetation types in Santa Fe
have been included in the Paranaense (Interior Atlantic Forest) and Espinal phytogeo-
graphic province confluence, and the area is strongly influenced by the flood valley of
the Parana River, which is composed of subtropical wet forest and gallery forest where
the most abundant species are Salix humboldtiana, Tessaria integrifolia, Nectandra falci-
folia, Albizzia inundata, Erythrina crista-galli and different types of flooded savannahs and
wetlands (rivers, streams, ponds and estuaries) (Cabrera 1994; Arzamendia and Giraudo
2004). Santa Fe is bordered by the confluence between the Salado River and streams of
the Parand floodplain to the south, by the Salado River to the west and by Colastiné
River and Setubal Lake to the east.

Urban gradient

According to Leveau and Leveau (2004), Perepelizin and Faggi (2009) and Sequeira et al.
(2003), we determined different levels of development inside Santa Fe city to place our
transects (Figure 1): (1) the urban sector, represented by the commercial and adminis-
trative centre of the city, is dominated by tall buildings and there are not green spaces
available; (2) the suburban sector, composed of detached houses located within the
urban matrix, with lawned sidewalks, yards and paved roads; (3) the periurban area,
located on the boundary of the city and composed of detached houses with yards and
unpaved roads, is near rural zones and natural patches and there is green space
available; (4) the forested sector, represented by urban parks which are green spaces
surrounded by urbanized areas and composed of both exotic and native vegetation
planted by man; (5) the natural or semi-natural area which includes the biological
reserve located inside the National University of the Littoral and adjacent areas, and
consists of a remnant of native vegetation.

Bird surveys

We placed 10 transects 100 m long x 50 m wide in each level of development, separated
from each other by at least 200 m. In the forested and natural strata, transects were
separated at least by 150 m due to the smaller area of the strata. We consider that these
distances were enough to avoid pseudo-replication (getting records of birds that could
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come from nearby transects). Several works on urban birds use similar distances (e.g.
Leveau 2013). Morning walking surveys were conducted along transects approximately
from 7:00 to 11:00 am on days without wind or rain. In each transect, the observer
walked along 100 m in a 10 min period four times, one for each season during 2012. All
birds making use of sample units were counted whether perched, singing, or feeding.
High flying birds were not counted. The species identification was aided by use of
binoculars. Species were categorized by feeding habits and preferred foraging strata
of vegetation, according to Giraudo et al. (2008) and Casenave and Filipello (1995), as
follows: aquatic diving carnivore; aquatic striding carnivore; hawking aerial carnivore;
aquatic filter; foliage granivore; generalized granivore; terrestrial granivore; coursing
aerial insectivore; foliage insectivore; hawking aerial insectivore; bark insectivore; gen-
eralized insectivore; terrestrial insectivore; nectarivore; foliage omnivore; generalized
omnivore; terrestrial omnivore; aquatic diving omnivore; and aquatic striding omnivore.
We differentiated the carnivore species from insectivores due to the ecological differ-
ences between ‘strict insectivores’, and the recorded carnivore species which basically
feed on vertebrates (Ortega-Alvarez and MacGregor-Fors 2009).

Measures of habitat

In each transect, we estimated the percentage of area covered by trees/shrubs, herbac-
eous vegetation, pavement, high and low buildings (two-story building as threshold),
water bodies and bare soil through direct field observations. We corrected our field
measures with those obtained from the detailed Google Earth 2012 images (Table 1). In
each transect there were two researchers, so the counts of the numbers of pedestrians
and vehicles were done simultaneously with the bird survey. Percentage values of
coverage of habitat structure variables and human disturbance rates were averaged
between all seasons.

Statistical analyses

We defined the trophic guild richness and abundance for each transect as the total
number of trophic guilds recorded and total number of individuals recorded per trophic
guild, respectively. We first calculated a detrended correspondence analysis (DCA) to
estimate the gradient length covered by the data. A length of first DCA axis <3 indicates
a linear response, a length of >4 a unimodal response (Leps and Smilauer 2003). In our

Table 1. Habitat structure and human disturbance variables along the urban
gradient in Santa Fe city.

Variable Code Mean Standard deviation
High buildings BHIGH 4.28 9.40
Low buildings BLOW 33.70 30.39
Pavement PAVEM 12.57 10.98
Herbaceous vegetation GRASS 34.31 32.16
Trees and shrubs TREESHRUB 23.00 27.64
Bare soil UNPSOIL 1.26 2.88
Water bodies WATERB 497 11.35
Pedestrian rate PEDESR 2.69 6.62

Vehicle rate VEHICLR 2.46 3.67
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case, the first DCA axis had lengths of 1.7409 and 1.9211 for trophic guild richness and
abundance, respectively. Therefore, we chose a redundancy analysis (RDA), instead of a
canonical correspondence analysis (CCA), as a constrained ordination technique (Ter
Braak and Smilauer 2002). RDA uses a linear model of relationships among the variables
in the response matrix and between the variables in the explanatory and response
matrices. RDA consists of a series of multiple linear regressions followed by an eigenva-
lue decomposition of the table of fitted values. The canonical ordination vectors
obtained are linear combinations of the response variables. This means that each
ordination vector is a one-dimensional projection of the distribution of the objects in
a space that preserves the Euclidean distances among them. These ordination vectors
are also constrained to be linear combinations of explanatory variables. Therefore, RDA
provides the proportion of variance of the response data that is accounted for by the
explanatory variables (Legendre and Legendre 1988; Markarenkov and Legendre 2002).

As spatial autocorrelation can inflate Type | errors in statistical analyses (Diniz-Filho
et al. 2003), we incorporated the spatial structure of the data within the modelling
process. Spatial autocorrelation can be defined as the property of random variables
taking values, at pairs of locations a certain distance apart, that are more similar (positive
autocorrelation) or less similar (negative autocorrelation) than expected for randomly
associated pairs of observations (Legendre 1993). Similarly, environmental variables used
to describe the study area are structured by physical processes causing gradients and/or
patchy structures. One consequence of this general property of ecological variables is
that the assumption of independence of the observations is not respected (Legendre
1993). In addition, geographically contagious biotic processes (such as population
growth, geographic dispersal, differential fertility or mortality, social organization, or
intra and interspecific interactions) also can promote spatial autocorrelation in species
distribution (Griffith and Peres-Neto 2006). We computed a matrix of shortest distances
(portion of a great circle) among the centroids of transects, using the ‘earth.dist’ function
from the ‘fossil’ package (Vavrek 2011). Principal coordinates of neighbour matrices
(PCNM) were used to generate spatial variables (Borcard and Legendre 2002; Dray
et al. 2006), using the ‘pcnm’ function from the vegan package (Oksanen et al. 2016).
PCNM variables represent a spectral decomposition of the spatial relationships among
the study sites that can be computed for regular or irregular sets of points in space
(Borcard et al. 2004). The latter was the case for our sampling design. In order to
truncate the distance matrix, the threshold value used in the PCNM analysis was the
minimum distance that kept all sampling sites connected using a minimum-spanning-
tree procedure. We included only coordinates corresponding to positive eigenvalues in
the data analyses as spatial predictor variables.

We carried out two redundancy analyses (Ter Braak and Smilauer 2002) to test
whether environmental and spatial variables were associated with a fraction of the
urban trophic guild richness and abundance variation. For environmental variables,
the variance inflation factor (VIF) was used for detecting the presence of multicollinearity
among the environmental variables in the RDA. VIF > 10 indicates multicollinearity (Zuur
et al. 2010). We retained all the environmental variables into the subsequent analysis,
except the percentage of area covered by low buildings (VIF = 12.36). We performed a
forward selection of parameters, including only significant variables in the final model. In
all cases the alpha level of significance was set to 0.05. Only the significant terms were
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incorporated in the subsequent ordination constrained analyses to avoid the artificial
increase of explained variation by chance.

By making two canonical ordinations, each of them constrained by one set of
explanatory variables, we obtained a measure of the effects of the environmental
conditions and the spatial structure that are not independent because of the spatially
structured environmental descriptors (Smith and Lundholm 2010). We applied variation
partitioning to assess the unique and joint fractions of variation explained by the
environmental and spatial datasets. This partition is possible by using the sum of all
canonical eigenvalues of two canonical ordinations, each of them constrained by one set
of explanatory variables, and of two partial canonical ordinations, each of them con-
strained by one set of explanatory variables while controlling for the effect of the others
(covariables) (Borcard et al. 1992). Variation partitioning was implemented as function
‘varpart’ in the ‘vegan’ package (Oksanen et al. 2016). We reported the variation
explained in each RDA model as the adjusted R2 (R2adj), which takes the number of
predictor variables and sample size into account to prevent the inflation of R2 values
(Peres-Neto et al. 2006). When a negative R2adj was obtained, we interpreted it as a zero
value (Peres-Neto et al. 2006), meaning that not all fractions of one variation partitioning
always add up to a perfect 100%. To test the significance of the influence of both
explanatory matrices, we used the function ‘permutest’ that is a permutation test with
99,999 permutations. This test shows whether a fraction of variables significantly
explains variation in the response matrix.

In our study, the trophic guild richness and abundance matrices consisted of the
average amount of species and individuals per trophic guilds between all seasons
(columns) and transects (rows), respectively. The environmental explanatory matrix
consisted of the percentage of area covered by trees/shrubs, herbaceous vegetation,
pavement, high buildings, low buildings, water bodies, bare soil, passing pedestrian
and vehicle rate (columns) per transect (rows). And the spatial explanatory matrix
consisted of the coordinates corresponding to positive eigenvalues obtained from the
PCNM.

The RDA allows a visual interpretation of multiple habitat dimensions by plotting
trophic guilds and environmental variables in the ordination diagram formed by two
canonical axes obtained by the ‘environmental’ RDA. Type-2 scaling was used to make
the biplots. On such a biplot, environmental variables are depicted by lines. The length
of each line represents the relative importance of the environmental variable to the
community distribution (in the two-dimensional plane under consideration) (Ter Braak
1986). The further the trophic guild points are from the origin, the more informative the
ordination: a cluster of species near the origin is difficult to interpret and indicates a
weak trophic guild-environment relationship (Ter Braak 1986).

Results
Avian assemblage composition

We obtained 6452 records from 99 bird species (Appendix A). A total of 1251 records
came from 12 species in the urban sector, 936 records from 19 species in the suburban
area, 1011 records from 26 species in the periurban sector, 2079 records from 43 species
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in the forested sector, and 1175 records from 79 species in the natural area. The number
of species recorded in Santa Fe city corresponds to the 23% of all knownf bird species
for Santa Fe province (Fandifio and Giraudo 2010). The amount of trophic guilds
increased as the level of urbanization decreased (Figure 2).

-31.62 -31.58

—-31.66

-60.78 -60.74 -60.70 -60.66

Figure 1. Santa Fe city and strata of the urban gradient indicated by circles. The urban matrix is
represented by white and water bodies and forested areas with shades of grey. References: urban
(CEN), suburban (SUB), periurban (PERI), forested (PARK) and natural (NAT) sectors.
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Figure 2. Exploratory boxplot showing the richness of trophic guilds (number of trophic guilds per
transect) at each urban stratum of the urban gradient. References: urban (CENTER), suburban (SUB),
periurban (PERI), forested (PARK) and natural (NAT) sectors.

Factors affecting trophic guild composition of the bird community in the urban
environment

Guild richness

We obtained a significant relationship between the richness trophic guilds and the
habitat structure variables of percentage of area covered by trees/shrubs, herbaceous
vegetation, pavement, water bodies and human disturbance variables (RDA: adjusted-
R2 = 0.47951, F = 8.523538, P = 1e-05). Most of the trophic guilds had a positive
relationship with the percentage of area covered by trees and shrubs, water bodies
and herbaceous vegetation and had negative relationships with pavement and
human disturbance variables (pedestrian and vehicles rate) (Figure 3). Trophic guilds
associated to some of the vegetation strata in terms of their food resources (such as
foliage insectivores, foliage omnivores, bark insectivores and nectarivores) or foraging
behaviour (such as hawking aerial insectivores and hawking aerial carnivores)
increased their richness towards urban green spaces and natural areas. Availability
of water bodies determined a higher richness of the aquatic diving carnivores in the
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Figure 3. Biplot of redundancy analysis (RDA) showing the association between the richness of each
trophic guild and significant habitat structure and human disturbance variables along the urban
gradient. Arrow length indicates the importance of the variable in the model and arrow orientation,
the direction of the variable increase. References: percentage of area covered by trees/shrubs
(TREESHRUB); herbaceous vegetation (GRASS); water bodies (WATERB); pavement (PAVEM); pedestrian
rate (PEDESR); and vehicle rate (VEHICLR). Guilds: aquatic diving carnivore (AquaDivCar); aquatic diving
omnivore (AquaDivOmn); aquatic filter (AquaFil); aquatic striding carnivore (AquaStrCar); aquatic
striding omnivore (AquaStrOmn); bark insectivore (Barkins); coursing aerial insectivore (CourAerlns);
foliage granivore (FoliGra); foliage insectivore (Folilns); foliage omnivore (FoliOmn); generalized gran-
ivore (GeneGra); generalized insectivore (Genelns); generalized omnivore (GeneOmn); hawking aerial
carnivore (HawkAerCar); hawking aerial insectivore (HawkAerlIns); nectarivore (Nect); terrestrial grani-
vore (TerrGra); terrestrial insectivore (Terrlns); and terrestrial omnivore (TerrOmn).

forested and natural sectors, whereas generalized omnivores, terrestrial granivores
and terrestrial insectivores seemed to increase their richness towards natural habitats
(Figure 3). Environmental matrix (i.e. environmental alone and spatial structure of
environmental variables) accounted for 60.59% of the variation in the trophic guild
richness. Spatial component of the variation partitioning explained 12.64% of varia-
tion in the response matrix. Thirty-nine per cent of the variance in the trophic guild
richness remained unexplained (Figure 4). We did not find a clear relationship
between environmental variables and aquatic striding omnivores, generalized insecti-
vores and coursing aerial insectivores. This may be because of the small sample size
of some of their component species.
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Figure 4. Proportion of variance of the purely environmental (Env), spatially structured environ-
mental (EnvSpa) and purely spatial components (Spa) which explain the richness (left) and abun-
dance (right) of trophic guilds across the Santa Fe city.

Guild abundance

We found a significant relationship between the abundance of trophic guilds and the
habitat structure variables of the percentage of area covered by herbaceous vegetation,
pavement, tall buildings and water bodies (RDA: adjusted-R2 = 0.32448, F = 6.884082,
P = 8e-05). Conversely, we did not detect significant relationship between trophic guild
abundances and percentage of area covered by bare soil and tree/shrub. However, since
the latter had a p-value of 0.064 - slightly higher than 0.05 - it was not included in the
model. No significant relationships between guild abundance and human disturbance
variables were detected. Most of the trophic guild abundance had a positive relationship
with the percentage of area covered by herbaceous vegetation and water bodies and
had a negative relationship with pavement and high buildings (Figure 5). The trophic
guilds associated to urban habitats were terrestrial omnivores and coursing aerial
insectivores, whose abundances were higher as levels of urbanization increased.
Variation partitioning revealed that both environmental and spatial matrices accounted
for 64.6% of the variation in the trophic guild abundance. Spatial component of the
variation partitioning explained 32.16% of variation in the response matrix, the environ-
mental component explained 16.42% of the variation and the spatially structured
environmental component accounted for 16.02% of the explained variation. Thirty-five
percent of the variance in the trophic guild abundance remained unexplained (Figure 4).

Discussion

We showed that urbanization was strongly associated to the functional composition of
the urban bird community in terms of diet and foraging habits. Among trophic guilds,
terrestrial omnivores and terrestrial granivores were composed of species that were
related to high levels of urbanization and shared with other urban assemblages around
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Figure 5. Biplot of redundancy analysis (RDA) showing the association between trophic guild
abundance and significant habitat structure variables along the urban gradient. Arrow length
indicates the importance of the variable in the model and arrow orientation, the direction of the
variable increase. References: percentage of area covered by herbaceous vegetation (GRASS);
pavement (PAVEM); high buildings (BHIGH) and water bodies (WATERB). Guilds: aquatic diving
carnivore (AquaDivCar); aquatic diving omnivore (AquaDivOmn); aquatic filter (AquaFil); aquatic
striding carnivore (AquaStrCar); aquatic striding omnivore (AquaStrOmn); bark insectivore (Barkins);
coursing aerial insectivore (CourAerlns); foliage granivore (FoliGra); foliage insectivore (Folilns);
foliage omnivore (FoliOmn); generalized granivore (GeneGra); generalized insectivore (Genelns);
generalized omnivore (GeneOmn); hawking aerial carnivore (HawkAerCar); hawking aerial insectivore
(HawkAerlns); nectarivore (Nect); terrestrial granivore (TerrGra); terrestrial insectivore (Terrlns); and
terrestrial omnivore (TerrOmn).

the world (Chace and Walsh 2006). Although the abundance of terrestrial omnivores was
high in higher levels of urbanization, most trophic guilds identified in this study had
peaks in richness and abundance at the forested and the natural sectors where natural
features predominated. Moreover, most of the migrant species feeding on aerial insects
and some trophic guilds related to aquatic habitats were recorded only where the
natural features became prominent. No significant relationships were obtained between
the abundance of trophic guilds and human disturbance. Hence, a growing city sur-
rounded by natural patches and green spaces like Santa Fe should conserve the natural
features and regulate the human activity across the urban system in order to enhance
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the diversity of the bird community. Our results agree with studies which postulate that
the higher the level of urban development, the lower the diversity of functional groups
(Concepciodn et al. 2017; Suri et al. 2017). In addition, our urban gradient was determined
with variables similar to those used in other studies around the world (Clergeau et al.
2006; MacGregor-Fors and Schondube 2011). Similar tendencies in the proportion of the
cover of both anthropogenic and natural features in the urban matrix are due to the
ecological structures produced by human activity in different biogeographical areas
(Clergeau et al. 2001). Hence, human activity favoured the spread of natural and
anthropogenic features which increase the homeostatic conditions of cities worldwide
(McKinney 2006). The great abundance of terrestrial omnivores in the most urbanized
side of the gradient and the wide variety of trophic guilds in the forested and natural
sectors agreed with previous studies in different parts of the world (Conole and
Kirkpatrick 2011; Ikin et al. 2012).

Most of the species identified along the urban gradient were generalist species in
terms of their food resources and geographic distribution (Menon and Mohanraj 2016).
Passer domesticus and Columba livia are common with other urban assemblages around
the world and typical of the most intensely urbanized central business districts or
downtown areas (Conole and Kirkpatrick 2011; Paker et al. 2014). Zenaida auriculata,
Molothrus bonariensis and Zonotrichia capensis were also frequent along the urban
gradient and are common with other urban assemblages at a more regional scale
(Leveau and Leveau 2004, 2006; Juri and Chani 2005). These species are mainly omni-
vorous and granivorous, the most abundant trophic guilds identified in urban systems
(Chace and Walsh 2006). In this study, the abundance of terrestrial omnivores and
terrestrial granivores peaked at the forested sector, although only terrestrial omnivore
abundance was also high in the most urbanized areas. The forested sector presented the
highest values of coverage of herbaceous vegetation and a great amount of large trees.
This favoured the foraging success of species included in these trophic guilds, e.g. Passer
domesticus, Columba livia and Zenaida auriculata, which may subsist on supplementary
foods such as bread and grains that are put out by people (Kark et al. 2007; Perepelizin
and Faggi 2009; Tiwary and Urfi 2016). The high abundance of the coursing aerial
insectivores in the urban sector can be explained only by the presence of Progne
chalybea, the Grey-breasted Martin, a species that nests and feeds mainly in urban
areas. By contrast, in the natural area, we found trophic guilds with both generalist
and specialist habits. Since urban environments change constantly at temporal and
spatial scales, generalist species may be more favoured than species that heavily depend
on specific resources, environmental conditions and certain spatial and ecological
processes for their survival (Sattler et al. 2010; Meffert and Dziock 2013; Banville et al.
2017). Like in Leveau and Leveau (2004), trophic guilds associated to the vegetation
strata were seen to increase their richness and abundance towards green areas (forested
and sub-natural sectors), even if they presented generalist (such as foliage omnivores,
generalized omnivores, generalized granivores) or specialist (such as foliage insectivores,
bark insectivores, nectarivores, foliage granivores, hawking aerial insectivores and hawk-
ing aerial carnivores) habits. We agreed with Clergeau et al. (2006) who established that
habitat quality and availability are important limiting factors in the urban colonization of
many species. Although the nectarivore guild was composed of three species and results
should be interpreted with care, we recorded a negative impact of urbanization. Leveau
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(2013) established that the nectarivores were benefited by areas characterized by a great
amount of flowering plants, while Pauw and Louw (2012) stated that the different
response to urbanization within this trophic guild was mainly because of differences
in feeding ecology. As was expected, bark insectivore species were highly related to
natural habitats. On the other hand, both richness and abundance of woodpeckers and
woodcreepers increased with increasing availability of trees and shrubs, as was also
observed by Myczko et al. (2014). In addition, the strong relationship between these
trophic guilds and forested and natural sectors was probably caused by a greater
availability and diversity of native food resources (McKinney 2008; Fattorini 2011;
Threlfall et al. 2016; Tiwary and Urfi 2016).

Habitat structure was greatly associated to the trophic guild composition of the
urban bird community. Our results agree with previous findings, showing that trophic
guild richness of the urban bird community was positively related to natural features
(such as coverage of tree/shrub, herbaceous vegetation and water bodies) and nega-
tively related to anthropogenic features (such as coverage of high buildings and pave-
ment) (Leveau 2013; Silva et al. 2016). The availability of water bodies in parks and
natural areas was strongly related to the appearance of aquatic diving carnivores and
aquatic striding carnivore, whose food resource is obtained from water. The former
predominated in the park though the latter, in natural areas. Adding more natural
features, which are uncommon in the urban matrix, to the habitat structure, would
help to enhance the avian diversity by increasing the spectrum of resources that cities
offer to birds (Melles et al. 2003; Suri et al. 2017). Although most of the abundance
patterns recorded in Santa Fe city cannot be explained in this study (the analysis
explains 35% of data variability), results show that urbanization significantly affects the
abundance of the different trophic guilds (Blair 2004; van Heezik et al. 2008), a fact that
may be explained by predictors acting in different spatial or temporal scales (Melles
et al. 2003; Blair 2004; Lee and Rotenberry 2015). Also, the increase of the trophic guild
richness towards lower levels of urbanization and the presence of the richest trophic
guilds such as bark insectivores and foliage insectivores in the greenest sectors indicate
urban intensity affects negatively the urban bird communities, thus differing from
previous studies reporting peaks in avian diversity at intermediate levels of urbanization
(Blair 2004).

Previous studies showed that the richness and abundance of Neotropical migrants
increase with increasing coverage of natural habitats. Migrant species were highly
associated to vegetation structure (Chace and Walsh 2006; MacGregor-Fors et al.
2010). In this study we identified 11 migrant species, Progne tapera and Progne chalybea
being the only migrant species that appeared also in areas with higher levels of
urbanization. The rest of the migrant species were identified only in the natural sector.
Progne chaybea may nest on buildings, feed on aerial insects and take advantage of
resources that are not used by other insectivore species in the urban sector (Leveau and
Leveau 2004; Kark et al. 2007). Progne tapera feeds on aerial insects, may take advantage
of the resources found in the surrounding areas and heavily depends on abandoned
nests of Furnarius rufus (Carpintero and Aramburd 2007).

Many studies have reported the influence of human disturbance variables in the
diversity and functional composition of urban bird communities. Ortega-Alvarez and
MacGregor-Fors (2009) found that the abundance and richness of species were
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negatively related to passing cars and positively related to passing pedestrian rate.
Carbé-Ramirez and Zuria (2011) and Gonzalez-Oreja et al. (2012) observed that richness
tended to increase in urban greenspaces where human disturbance variables, as mea-
sured by passing pedestrian and vehicle rate and background noise levels, were lower.
Not all the general patterns described in previous studies can be applied in all cities
worldwide since Meffert and Dziock (2012) did not find human intrusion or occurrence
of dogs to have a measurable effect on any of the bird species under study, while Paker
et al. (2014) concluded the opposite. In this study, many trophic guilds increased their
richness towards lower level of urbanization and only the abundance of terrestrial
omnivores was positively associated to human disturbances.

Finally, we found that the richness and abundance of trophic guilds had a spatial
structure. On the one hand, we could determine the proportion of the variation in the
trophic guild composition explained by the habitat structure and human disturbances
and the proportion explained by spatial predictors, with the least bias as possible
(Lennon 2000; Diniz-Filho et al. 2003; Peres-Neto et al. 2006); and on the other hand,
spatial structure may imply the occurrence of neutral mechanisms (Sattler et al. 2010).
Therefore, future studies should consider multiple scales analyses to discover the neutral
mechanisms that are operating in the bird assemblage in Santa Fe city and explain the
variation in the trophic guild composition that could not be explained in this study.

Conclusion

We demonstrated that the greater the availability of natural features belonging to
previous pristine habitats in the urban matrix and the less human activity, the greater
the spectrum of trophic guilds that are present. The forested and natural sectors were
composed of natural features that are also found in the flood valley of the Parana River
where Santa Fe city is sited. The availability of different vegetation strata and water
bodies are common features in the subtropical wet forest, gallery forest and wetlands. In
these sectors, we recorded a wider variety of trophic guilds than in the more urbanized
sectors. The growth of cities must be carried out in such a way as to protect natural
patches and manage urban green spaces and the intensity of human activity across the
city in order to counteract the filter imposed by urban systems on bird species (Kark
et al. 2007; Croci et al. 2008; Yang et al. 2015; Silva et al. 2016). This may allow many
species to colonize the urban matrix (Shimazaki et al. 2016). Finally, we hope that our
study can contribute to the conservation of bird species in other growing cities like
Santa Fe within the Parana river system, because it provides a knowledge base to the
management of the growing urban system structure.
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