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HIGHLIGHTS

e Human settlements impact bird com-
munities in the Neotropics.

o Greater differences in bird community
composition observed in human settle-
ments in forest ecoregion vs. savannah
region.

e Less urban-tolerant forest species nega-
tively affected by built features in forest
ecoregion.

o Built features beneficial to bird species
in savannah ecoregion.

e Human settlement has a greater impact
on bird communities in forests.
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ABSTRACT

Urban ecosystems are increasingly dominating landscapes globally, so it is critical to understand the effects of
human settlements on biodiversity. Bird communities are effective indicators because they are impacted by the
size and expansion of human settlements, exemplified by changes in their habitat use, breeding and foraging
behaviours, as well as patterns of richness and abundance. Existing studies on bird community responses to
human settlements have mainly focused on single ecoregions and large cities, leaving a gap in comparative
research on how differently sized human settlements affect bird communities across various ecoregions. To
address this gap, we examine species richness, bird abundances and community composition in human settle-
ments, which exhibit variable sizes, populations, landscape configurations, and overall intensity of settlement in
two tropical ecoregions in Guyana, Amazonia: forest and savannah. In each ecoregion we explored how different
groupings of urban tolerance in birds responded to human settlements of differing population size and building
densities. Overall, we found significant differences in bird communities across the varying levels of human
settlement intensity in both ecoregions, with greater differences in bird community composition in the forest
ecoregion than the savannah region. In both ecoregions, species richness and abundance were highest at the
medium level of settlement of human settlement. Our findings suggest that bird tolerance to human settlements
varies based on ecoregion and site-level factors. In the savannah, built features may be benefitting birds from all
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urban tolerance levels, but they have a negative impact on less urban-tolerant species in the forest ecoregion. Our
comparative analysis reveals for the first time that the impact of human settlements on avian communities in
northern Amazonia varies among ecoregions, indicating that species evolved to live in a savannah may be more
tolerant to human settlements than those more evolved to a forest system.

1. Introduction

Human settlements are increasingly dominating landscapes across
the globe, with nearly 66 % of all people projected to be living in urban
areas by 2050 (Ritchie and Roser, 2018). Urban ecosystems drive land-
cover change, which results in irreversible and persistent changes to the
landscape (Akubia et al., 2020; Loram et al., 2007). Consequently, it
leads to profound impacts on species diversity and distribution by
altering, fragmenting, and causing habitat loss for many species (Mar-
zluff, 2001; Melles et al., 2003; Petersen et al., 2022).

Bird communities are particularly impacted by the size and expan-
sion of human settlements, exemplified by changes in their habitat use
(Litteral and Shochat, 2017) breeding and foraging behaviours (Croci
et al., 2008; Galbraith et al., 2015) and patterns of richness and abun-
dance (Chace and Walsh, 2006). Birds are therefore effective indicators
of the impact of human settlements on biodiversity. This is important
because wild animal communities, and particularly birds, provide
important ecosystem functions such as pest control, seed dispersal and
pollination (Anderson et al., 2016; Garcia et al., 2010; Garcia et al.,
2018). Additionally, birds have been shown to positively impact the
psychological wellbeing of humans (Methorst et al., 2021). Despite the
overall negative impacts of human settlements on avifauna, natural and
semi-natural habitats (e.g. greenspaces) within urban, peri-urban and
rural areas can support diverse communities of birds (Hayes et al., 2020;
Litteral and Shochat, 2017).

Human settlements encompass a broad range of variable environ-
ments (Faeth et al., 2012). These range from highly developed and
modified cities to sparsely populated villages, interspersed with patches
of relatively undisturbed natural habitat networks, such as parks and
gardens (Aronson et al., 2017; Beninde et al., 2015; Goddard et al.,
2010). The wide range of environments and disturbance levels have the
potential to support diverse bird communities ranging from native
species reliant on undisturbed habitat, to opportunistic and invasive
species (both native and introduced) which are tolerant to and in some
cases can exploit modified habitats (Blair, 1996). In fact, by accommo-
dating the occurrence of non-native species and introducing novel spe-
cies, urban development may lead to biotic homogenisation, where the
urban centres are dominated by the same few species possessing similar
traits, which allow them to thrive in such environments (Croci et al.,
2008; Olden et al., 2016). Previous studies have categorised species into
three groups based on their tolerance to urban development (Blair,
1996; Fischer et al., 2015) corresponding to a gradient of species’ re-
sponses to human settlements: urban dwellers range from being solely
dependent on urban areas for their survival to having viable populations
in both natural and urban ecosystems, urban utilisers range from occa-
sionally using urban resources to breeding in urban areas, and urban
avoiders range from non-existent in developed urban areas to self-
sustaining populations in natural areas within villages, towns and cit-
ies (Fischer et al., 2015).

The Neotropics is the second-most rapidly developing region glob-
ally, with high rates of land conversion relative to population growth
and over 80 % of the population living in urban areas (Grau and Aide,
2008; Lois-Gonzalez et al., 2022). However, the majority of studies on
human settlements and birds have been conducted in temperate regions
(Amaya-Espinel et al., 2019; Ortega-Alvarez and MacGregor-Fors,
2011). Avian tolerance to different intensities of human settlements
has not been well explored in the Amazonia, which is the most biolog-
ically diverse part of the planet.

Tropical forests harbour the greatest species diversity and vertical

complexity of all terrestrial ecosystems (Johnson, 1998; Terborgh,
1985), and Amazonian landscapes are often primarily associated with
the “Amazon forest biome”, which covers 80 % of Amazonia. However,
they also comprise a wider range of ecosystems along climatic, edaphic
and hydrological gradients. Another large, and generally understudied,
ecosystem in the region is the “Rio Branco-Rupununi savannah” which
constitutes open formations of grassland and shrub vegetation, covering
an area of 267,000 km? in the northern Amazon (de Carvalho and
Mustin, 2017; Pires, 1985; Viana et al., 2016).

The Amazonian forest is a complex ecosystem known for its rich
faunal and floral diversity and intricate patterns of species density,
distribution, and composition. As a result, the potential effects of human
settlements on this biome can be far-reaching and potentially detri-
mental to the delicate balance of its ecosystem (Ferrante et al., 2014;
Leveau and Leveau, 2005; Richards and VanWey, 2015). Many
Amazonian forest bird species are rare, with small populations adapted
specifically to local factors and very sensitive to small changes in their
respective forest habitats (Bass et al., 2010; Condit et al., 2000; Terborgh
et al., 1990). For example, one study indicated that 250 species of birds
can occupy a single square kilometre of Amazonian forest (Vieira et al.,
2008). This high biodiversity is due to the fine-scale vertical structuring
of forests, which allows more species occupy a unit of area (e.g. per km?)
(Basham et al., 2023; Gouveia et al., 2014; Terborgh, 1985). Although
also high in biodiversity (de Carvalho and Mustin, 2017), savannah
grassland ecosystems, characterised by openness, are arguably more
similar to urban and rural ecosystems as they lack the structural
complexity of forests (Herte et al., 1971; Petermann and Buzhdygan,
2021; Dorney et al., 1984). Human settlements in the Amazonian forest
biome therefore have the potential to cause a significantly greater
impact on biodiversity than those in savannah grasslands. However,
avian communities in Amazonian savannah grasslands remain under-
studied (de Carvalho and Mustin, 2017) and an integrated comparison of
how vertebrate communities respond to development in contrasting
ecoregions remains scarce (but see Leveau et al., 2017).

Here, we explore avian responses to human settlements across
different levels of human settlement intensity in two Amazonian ecor-
egions in Guyana; A forest system in the north of the country and a
savannah system in the south. We examine species richness, bird
abundances and community composition in different types of human
settlements which exhibit variable sizes, populations, landscape con-
figurations and overall intensity of human settlement. We also explored
if building density, the amount of greyspace (gray infrastructure: roads,
buildings) and greenspaces (parks, gardens, cropland) explained the
richness and abundance of different ways to classify avian species -
urban dwellers, urban utilisers and urban avoiders. We do so in our two
contrasting study ecoregions, and explore whether the effect of human
settlements differed for each bird group, between the two ecoregions.
We tested four predictions: 1) bird community composition will show
more variation in the forest ecoregion due to the loss of forest structural
complexity through human settlement; 2) urban tolerance will be higher
in the savannah ecoregion; 3) urban tolerant (dweller) species will have
a positive relationship with gray infrastructure; 4) urban avoider species
will have a positive relationship with greenspaces.

2. Methods
2.1. Study site and sampling design

Guyana is home to some of the world’s most well-preserved old-
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growth tropical rainforest areas, covering an estimated 85 % of the
country’s land. In addition to these forested regions, Guyana also en-
compasses savanna grasslands and wetlands (Alder and van Kuijk,
2009). We conducted our research in two parts of Guyana, each repre-
senting a different ecoregion; A forest ecoregion in the north of the
country and a savannah ecoregion in the south (Fig. 1), part of the ‘Rio
Branco-Rupununi savannah’, which is part of the wider Amazon system
(Barbosa et al., 2005; Myers, 1936; Naka et al., 2006; Robbins et al.,
2004). In each ecoregion, three sites of human settlements along levels
of low to higher intensity of human settlement were surveyed, charac-
terised by different levels of population and corresponding density of
buildings (Table 1). Building densities (buildings per square km) and
population densities (population per square km) for these locations were
calculated in ArcGIS Pro (v2.8.0) using population data from Florczyk
et al. (2019) and Guyana Bureau of Statistics (2012) (Imagery source
and year: Esri, Maxar, Earthstar Geographics and the GIS User Com-
munity 2021).

Study sites from the forest ecoregion were all settlements in areas
that historically replaced forests, and are now on the edge of forest
(primary and secondary forest). Savannah ecoregion study sites were
settlements in areas that were historically grasslands, and are now all
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bordered by savannah and some ‘bush-islands’ (isolated, usually small
low forest patches) (Fig. 1). Study sites in both ecoregions had differing
levels of human settlement, but in each, we sampled their respective
largest and smallest human settlements. The forest ecoregion (north)
comprised a city, a town and a village while the savannah (south)
ecoregion comprised a town, a large village and a small village. This is
evidenced by the larger population and building density in the forest
(north) than in savannah (south) ecoregion (see below). Therefore, we
sampled different relative levels of human settlement within each
ecoregion based on building and population densities: ‘high’, ‘medium’
and ‘low’ forest human settlement level and ‘high’, ‘medium’ and ‘low’
savannah human settlement level. Although we acknowledge the dif-
ferences in population and building density between parallel settlement
levels (e.g. high vs high) in the two ecoregions, we do not analyse such
comparisons, and, sites were representative of levels of building and
population densities in their respective ecoregion. Among our study
sites, three were indigenous communities: Karrau located in the forest
ecoregion, and Aishalton and Achawib situated in the savannah
ecoregion.

The dominant habitats in the northern forest ecoregion, outside of
human settlements, are rainforest, montane forest, swamp and marsh,
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Fig. 1. Study area - Guyana, South America. Location of sample sites in the forest (upper right image) and savannah (lower right image) ecoregions. Shapes indicate
sample sites and level of human settlement: triangle (high), medium (square) and low (circle). Rivers (blue areas), forest/secondary forest (dark green areas), and
savannah (light olivine) habitats are shaded. Locations of points within each area are shown in Figs. S2 & S3.
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Table 1
Characteristics of study settlements sites across the two study ecoregions, along with the building and population density of each settlement in Guyana.
Ecoregion Settlement Human settlement Number of point Dominant edge Pop. size ~ Human pop. Density Building density (build/
level counts habitats (/km?) km?
Forest (north) Karrau Low 18 LF, RI, HU 141 141.0 136.5
Bartica Medium 36 LF, RI, HU 7201 2400.1 805.6
Georgetown  High 76 SF, RI, MA, HU 118,363 3818.2 1094.8
Savannah Achawib Low 40 SV, RI, SC, HU 596 85.1 31.5
(south)
Aishalton Medium 40 SV, RI, SC, HU 1069 267.3 109.8
Lethem High 40 SV, RI, SC, HU 7402 2467.3 331.7

LF, lowland forest; SF, secondary forest; RI; riverine habitats (including riparian forest); HU, human altered habitats; MA, marine habitats; SV, savanna grasslands; SC,

scrub habitats.

second-growth forest, riverine habitats and human altered habitats such
as agricultural areas (including commercial rice and sugarcane) and
artisanal gold mines. The southern savannah ecoregion is dominated by
natural grasslands, riparian forests, bush islands, wetlands, scrub habi-
tats, cattle ranches and cultivated lands comprising primarily cassava
(Manihot sp.), sugarcane, peppers and citrus fruits in a rotational multi-
crop farming system, most of which is small scale subsistence. Primary
habitats in the forest and savannah ecoregions possess differing bird
richness and community composition, however, our study concentrated
on the avian communities associated with human settlements, rather
than primary habitats.

2.2. Bird surveys

We quantified the bird community of each study site via point
counts, conducted by two researchers. We quantified the bird commu-
nity of each study site via point counts, conducted by two researchers.
Point-count locations were determined randomly by digitally overlaying
a 200 m x 200 m grid over each settlement via GIS, and then using a
random number generator to select points. If a point was inaccessible, (e.
g., it was private property and permission to survey was not granted, it
was covered by a building or fenced off), it was replaced with another
from the random sample. All point count locations were at least 200 m
apart from one another to ensure independence (Pendleton, 1995).
Additionally, to mitigate potential edge effects, all point count locations
were situated at least 100 m away from the surrounding natural areas (e.
g. forests, rivers, or savannahs). Due to the small size of the majority of
settlements surveyed, we were limited in the number of point counts
that could be conducted without compromising the independence of
point counts (200 m apart). Therefore, the number of point count lo-
cations in each settlement was related with the size of the settlement.
Forest sites were confined by peripheral habitats, whereas savannah
areas were more open, and settlements were of similar size. When trying
to get a good estimate of a bird community in small areas, counts should
be repeated (Ralph et al., 1995). Therefore, each point count was
replicated on a different day no fewer than three days apart, with the
exception of one settlement, the ‘High’ level human settlement in the
forest (north) ecoregion (Georgetown), which was much larger than the
other five settlements. Therefore, in order to capture an accurate rep-
resentation of its bird community, point counts were only carried out
once, but across more locations than at the other settlements (see
summaries in Table 1).

Each point count was conducted on a clear day between 05:30 and
08:30 (Verner and Ritter, 1986). All birds seen or heard within the 50 m
radius were recorded during a 15-min interval. Although this duration
may introduce the possibility of double counting, as noted in Fuller and
Langslow (1984), longer point counts offer several advantages, partic-
ularly in highly species rich tropical landscapes (Sutherland, 2006) as in
the Guianas. Longer counts can enhance the detection of inconspicuous
birds, improve the recording of sensitive species (Fuller and Langslow,
1984), and allow observers more time for careful observation and
documentation. Given the high species richness of the region under

study, we deemed it crucial to allocate a sufficient duration of 15-min to
accurately capture the diverse range of species inhabiting the area. We
used limited-radius point counts to ensure that all birds recorded were
actively using the surveyed area, and to maintain a consistent sampled
area for each point count. If birds were interacting with the habitat, or
flying within 25 m of the highest vegetation or built structure within the
50 m radius, they were recorded (Huff, 2000). Any individuals flying
above this height threshold were not noted as they were deemed flyovers
and not associated with the point being surveyed. Our bird taxonomy
follows Remsen Jr et al. (2012).

2.3. Habitat characteristics

At each sample site, we measured habitat characteristics at two local
spatial scales: 50 m and 200 m. At the 50 m point level, we measured the
percentage (%) ground cover of impervious surface variables and
vegetation variables (matching that of each point count survey — see
below) by visually estimated ground cover of each variable in bands of
10 % within a 50 m radius of the point count. Impervious surfaces were
roads, pavements and buildings and we collectively classified these as
‘greyspace’ consistent with much of the urban ecology literature, and as
in Hayes et al. (2020), which was conducted in Guyana’s capital,
Georgetown. Vegetation variables included trees, shrubs and grass and
we collectively classified these as ‘greenspace’ (for further details see
Table S1). To assess the influence of wider local-scale features we
quantified building density surrounding each point count within 200 m
(following Amaya-Espinel et al., 2019) of the point, and converted this
to km?. We used satellite imagery and ArcGIS Pro at a 30 m? resolution
(Imagery source and year: Esri, Maxar, Earthstar Geographics and the
GIS User Community 2021). All satellite data coincide with the year of
bird sampling.

2.4. Statistical analyses

2.4.1. Species accumulation curves

To investigate whether the level of sampling effort represented the
bird communities of each settlement surveyed we made species accu-
mulation curves with 95 % confidence intervals. Error was measured
using the CHAO1 function (Chao, 1984) in EstimateS 9.1.0, which cal-
culates true estimated species diversity based on the number of rare
species found in a sample (Colwell, 2006).

2.4.2. Effect of human settlements on bird community attributes

Where we surveyed the same point on two occasions, we calculated
mean detection for each species across the two counts. In the forest and
savannah separately, we plotted box plots of species richness and
abundance for each level of settlement, and compared these for statis-
tical differences using non-parametric Kruskal-Wallis tests to explore
differences (Rohlf and Sokal, 1981).

To perform a preliminary comparison of bird communities between
different levels of human settlement in both ecoregions, we conducted
non-metric multi-dimensional scaling (NMDS; Shepard, 1962) from
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Bray-Curtis dissimilarity coefficients of the number of detections per
species in each point-count location. To conduct the NMDS, we firstly
logl0 transformed the point count data, as is standard practice when
conducting community and ordination analyses (McCune and Grace,
2002; Suarez-Rubio et al., 2011). The NMDS was conducted in PC-ORD
v6.0 (McCune and Mefford, 1999). A final ordination of minimum stress
on two axes was generated through a random starting configuration of
500 iterations, divided into 250 runs of both randomised and real data
for both study ecoregions. To determine if the bird communities were
statistically different, we applied a multi-response permutations pro-
cedure of Euclidean distances in PC-ORD v6.0 (MRPP; McCune and
Grace, 2002) between the number of detections per species in each level.
The analysis was repeated three times: initially with the entire assem-
blage included in the dataset, secondly with species removed if they only
occurred once and with species removed if they occurred twice or less.
As all three approaches gave consistent results, we report results for the
entire assemblage.

2.4.3. Indicator species

Indicator species analyses (IndVal) in PC-ORD were used to identify
species that typify the bird communities associated with different levels
of human settlement, following the method described in Dufréne and
Legendre, (1997). An indicator value was assigned to each species as a
result of a random reallocation process (4999 permutations), and then
these were tested for significance using a Monte Carlo procedure, with
species considered indicators if this was significant (p < 0.05). High
indicator values (%) reflect both high abundance and prevalence within
a human settlement level; p-values represent the probability of a similar
observation relative to a randomised dataset. To be characteristic of a
certain human settlement level, a species has to be found consistently
and almost exclusively within that type. Therefore, only bird species
with an IndVal value of over 20 % and a p value <0.05 were considered
as indicator species for each human settlement level (Della Rocca et al.,
2014). Species that occurred in all human settlement levels were
excluded from the analysis, as they are considered ubiquitous.

2.4.4. Urban tolerance analysis

Considering the spatial and temporal frequency of species observa-
tions in both ecoregions, we grouped species into three urban tolerance
groups; ‘urban dwellers’, ‘urban utilisers’ and ‘urban avoiders’. To do so
we adopted the classification system proposed by Fischer et al. (2015),
which is based on variations in the population dynamics of wildlife in
natural and urbanised environments. This categorisation method
allowed for the assignment of species to different tolerance groups
depending on their ability to cope with the impacts of urban develop-
ment. Therefore, in our data, the ‘urban dweller’ group was comprised of
species which occurred in high urban areas, ‘urban utilisers’ were spe-
cies occurring in medium urban areas, but not observed in high urban
areas, and ‘urban avoiders’ were species observed in low urban areas
only.

To assess the influence of habitat variables on our different tolerance
groups we used Generalised Additive Models (GAMs) and Zero-Inflated
Generalised Additive Models (ZIGAMs) to study associations between
the pattern of bird species richness and abundances (response variables)
of each tolerance group, with point level environmental and 200 m level
characteristics (predictor variables) in both ecoregions. We assessed the
relationship of greenspace, greyspace and building density with the
richness and abundance of each tolerance group. All three predictor
variables were used in each model. GAMs were used to model species
dwellers, while ZIGAMs were employed for urban avoiders and utilisers
to account for excess zeros in the data. GAMs and ZIGAMs were chosen
based on the characteristics of our data and research objectives. GAMs
are suitable for capturing nonlinear or complex relationships between
variables, while ZIGAMs handle excess zeros commonly observed in
species abundance data. A Gamma distribution was used for all models,
which is suitable for modelling continuous positive response variables
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with right-skewed distributions. We also incorporated settlement cate-
gory, sampling effort (to account for differences in sampling effort in the
forest ecoregion), and latitude and longitude (to account for the po-
tential non-independence of sites) as random effects in our models, to
control for the potential influence of these variables (see Table S5).

We drew Locally Optimised Scatterplot Smoothing (LOESS) trend-
lines between group richness and abundance vs greenspace, greyspace
and building density. LOESS lines allowed us to capture potential
nonlinear associations, as species richness tends to level off. These an-
alyses were repeated two times: first with the entire assemblage
included in the dataset, and second with species removed if they only
occurred once. Both approaches gave consistent results and, therefore,
the results are reported for the entire assemblage. To evaluate the fit of
our final models, we used the goodness-of-fit measure according to the
lowest Akaike Information Criterion (AIC).

3. Results
3.1. Bird communities

Overall, we recorded 6543 birds from 172 species during our surveys
in human settlements across Guyana, representing 21 % of the country’s
total avian species (Braun et al., 2007). In the forest ecoregion, we
observed 3730 birds from 117 species across 130 point count locations,
while 2813 birds from 121 species across 120 point count locations were
recorded in the savannah ecoregion. Overall species accumulation
curves for both ecoregions approached an asymptote and observed
species richness overlapped with estimated species richness confidence
intervals (95 %), indicating our sampling effort was adequate (Fig. A.1).
Species richness and abundances of birds varied across levels of human
settlement in both ecoregions (Fig. 2).

In the forest ecoregion, bird communities from high and medium
levels of human settlement were similar and both had higher mean
species richness and abundances than that of the bird community at the
low level of human settlement (Fig. 2, Table S2). However, Kruskal-
Wallis tests indicated that only medium and low levels differed signifi-
cantly in abundance (p = 0.01), and no communities had significant
differences in species richness (Table S3). The bird community from the
medium level of human settlement in the savannah ecoregion had the
highest mean species richness, significantly larger than the high (p <
0.005) and low (p = 0.021) levels. The bird community in the highest
and medium levels of human settlement had the highest mean bird
abundances, both significantly larger than the bird community from the
low level of human settlement in the savannah ecoregion (p < 0.001).

3.2. Community differences

The 2-dimensional NMDS ordination with minimal stress accounted
for 85 % (forest ecoregion) and 86 % (savannah ecoregion) of the
variability in the bird detection data (Fig. 3). Multi-response permuta-
tion procedures (MRPP) showed that differences in overall communities
between ecoregions was significant (MRPP, T = —65.94, P < 0.001).
Also, by overall comparison between human settlement levels in both
ecoregions, we found significant differences in bird community
composition, with greater differences in the forest ecoregion (MRPP, T
= —-33.68, P < 0.001) over the savannah (MRPP, T = —19.27,P < 0.001)
(Table S3). By pairwise comparison, all the pairs of human settlement
levels showed significant differences (MRPP, P < 0.001) in both
ecoregions.

3.3. Indicator species analysis

The forest ecoregion had a total of 16 indicator species, with six, one
and seven species from the low, medium and high levels of human set-
tlement respectively (Table 2). There were 21 in the savannah ecoregion
and each level of human settlement had at least four indicator species.
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Fig. 2. Boxplots of bird species richness (upper panels) and abundances (lower panels) observed from point count surveys for three levels of human settlement size

across two ecoregions (forest — left panels; and savannah - right panels) in Guyana.

Indicators of high human settlement in the savannah ecoregion included
the saffron finch (Sicalis flaveola), black vulture (Coragyps atratus) and
ruddy ground dove (Columbina talpacoti), while the grassland sparrow
(Ammodramus humeralis) and plumbeous seedeater (Sporophila plumbea)
were indicators of a low level of human settlement in the region. High
levels of human settlement in the forest ecoregion had indicator species
including the rock dove (Columba livia), carib grackle (Quiscalus lugubris)
and tropical kingbird (Tyrannus melancholicus). Indicator species of a

low level of human settlement from the forest ecoregion included the
giant cowbird (Molothrus oryzivorus), white-throated toucan (Ramphas-
tos tucanas), yellow-rumped cacique (Cacicus cela) and crested oro-
pendola (Psarocolius decumanuis).

3.4. Urban tolerance analysis

Based on the classification employed in this study, the urban
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Fig. 3. Non-metric multi-dimensional scaling (NMDS) ordination of bird species community composition based on all 117 species from a forest ecoregion (a) and 121
species from a savannah ecoregion (b) detected across three levels or human settlement intensity in Guyana, South America. NMDS of total bird communities from
two ecoregions based on 172 species (c). All bird communities were significantly different (MRPP p < 0.001; Table S3). In (a) and (b) bird images show the species

with the highest indicator values (IndVal) within each human settlement level.

tolerance of birds exhibited similarities in both ecoregions while also
showing variations across tolerance categories and levels of human
settlement intensity (Fig. 4). In the forest ecoregion, the bird community
at the low level of human settlement had a lower proportion of urban
dwellers and a higher proportion of urban avoiders than the low urban
bird community of the savannah ecoregion. However, in medium sized
settlements, urban dweller and urban utiliser species in the savannah
ecoregion were almost equal in species richness, while urban dwellers
were more common at the medium level in the forest ecoregion.

After accounting for the potential random effects of survey effort,
point location and settlement level, local habitat variables were
important for some subsets of bird richness and abundance (Figs. 5 & 6,
Table S4 & S5). Across the whole forest ecoregion bird community (all
species in all tolerance groups combined), we found a significant
negative effect of building density and greyspace on the richness and
abundance, while in the savannah, only building density was positively

related only to abundance.

When breaking down by tolerance groups, in the forest ecoregion, we
found a significant negative effect of building density on abundance of
urban avoiders (n = 15) and utilisers (n = 19), as well as utiliser richness
indicating that higher building densities have negative impacts on these
populations (Figs. 5 & 6, Table S4). While, building density had a pos-
itive effect on urban dweller (n = 81) abundance. Greyspace also had a
negative relationship with utiliser richness and abundance. In contrast,
in the savannah ecoregion, building density had a positive effect on
avoider (n = 15) species richness, and utiliser (n = 44) and dweller (n =
62) abundance, and increasing amounts of greenspace had a positive
impact on the richness of utiliser and avoider species, while greyspace
had a negative effect on the abundances and richness of avoiders (Figs. 5
& 6, Table S4).
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Table 2

Indicator species for different levels of human settlement forest ecoregion and a

savannah ecoregion determined using IndVal (Dufréne and Legendre, 1997).

Species English name Human Indicator p-
settlement value value
level

Forest

Molothrus Giant cowbird Low 62.3 0.0002

oryzivorus

Ramphastos White-throated Low 44.4 0.0002

tucanus toucan

Ramphocelus Silver-beaked Low 44.1 0.0108

carbo tanager

Cacicus cela Yellow rumped Low 34.1 0.0116

cacique

Psarocolius Crested Low 33.3 0.0002

decumanus oropendola

Tachornis Fork-tailed palm Low 28.2 0.0106

squamata swift

Euphonia Violaceous Low 24.1 0.0038

violacea euphonia

Molothrus Shiny cowbird Medium 76.1 0.0002

bonariensis

Chaetura Short-tailed swift Medium 47.8 0.002

brachyura

Thraupis Blue-gray tanager Medium 43 0.01

episcopus

Troglodytes House wren Medium 42.6 0.006

aedon

Pitangus Great kiskadee Medium 38.8 0.0322

sulphuratus

Butorides striata Striated heron High 53 0.0002

Colomba livia Rock dove High 51.5 0.0002

Tyrannus Tropical kingbird High 35.3 0.0024

melancholicus

Quiscalus Carib grackle High 31.6 0.0012

lugubris

Savannah

Ammodramus Grassland Low 46.5 0.0002

humeralis sparrow

Elaenia Yellow-bellied Low 37.7 0.0108

flavogaster elaenia

Sturnella magna Eastern Low 34.2 0.0032

meadowlark

Sporophila Plumbeous Low 33.6 0.0036

plumbea seedeater

Zenaida Eared dove Low 30.5 0.0264

auriculata

Pyrocephalus Vermilion Low 25 0.0106

obscurus flycatcher

Tachornis Fork-tailed palm Medium 63.2 0.0002

squamata swift

Thraupis Palm tanager Medium 42.7 0.0062

palmarum

Troglodytes House wren Medium 40.5 0.0024

aedon

Vireo olivaceus Red-eyed vireo Medium 35.1 0.0018

Ramphocelus Silver-beaked Medium 30 0.012

carbo tanager

Sicalis flaveola Saffron finch High 70.1 0.0002

Coragyps atratus Black vulture High 57.6 0.0002

Cathartes Lesser yellow- High 48.5 0.0002

burrovianus headed vulture

Tyrannus Tropical kingbird High 44.1 0.0028

melancholicus

Pitangus Great kiskadee High 41.9 0.008

sulphuratus

Columbina Ruddy ground High 41.6 0.0002

talpacoti dove

Thraupis Blue-gray tanager High 40.5 0.012

episcopus

Rupornis Roadside hawk High 28 0.0082

magnirostris

Cathartes Greater yellow- High 26 0.0132

melambrotus headed vulture

Columba livia Rock dove High 25 0.0072
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4. Discussion

In the absence of urban type disturbance, structurally complex forest
systems may intrinsically have higher species richness compared to
savannah systems. However, our comparative study in northern Ama-
zonia shows that the impact of human settlements on avian communities
varies among ecoregions, indicating that species evolved to live in a
savannah may be more tolerant to human settlements than those more
evolved to a forest system. In the savannah ecoregion, many species
seem to benefit from urban development, while in the forest ecoregion,
the most urban-tolerant species may still benefit, but less tolerant spe-
cies face negative impacts from urban development.

4.1. Changes in avian community structure

Most of our knowledge on the impacts of human settlements on avian
communities derives from single ecoregion studies (Leveau et al., 2017).
However, because we sampled two regions, we were able to reveal that,
as expected, in the forest ecoregion, variation in bird communities be-
tween human settlement levels was greater. This suggests the loss of
habitat heterogeneity in forest ecoregions due to human settlement may
be steeper than in savannah grasslands, where intermediate levels of
urbanisation may be composed by more vegetation layers (lawn, shrubs,
and trees) than grassland (Leveau and Leveau, 2005). However, despite
this difference, the results of our study confirm that the composition of
species can undergo significant changes during the human settlement
process in both forest and savannah ecoregions (Blair, 1996; Sol et al.,
2014; Symes et al., 2017).

Driving changes in community composition between levels of human
settlement in the savannah ecoregion, as revealed by indicator value
analysis, native grassland specialists such as grassland sparrow
(Ammodramus humeralis) and eastern meadowlark (Sturnella magna)
become more dominant at the low level of human settlement. Both
ground-nesters, higher predation may prevent this species from adapt-
ing to more developed areas (Colombo et al., 2021; Hovick and Miller,
2016). Unsurprisingly, generalist birds such as the native ruddy-ground
dove, saffron finch and non-native rock dove (Colomba livia) were
indicative of high levels of human settlement in the savannah ecoregion
(Abilhoa and Amorin, 2017; de Toledo et al., 2012). Additionally,
human settlements can provide optimal environments for large scav-
engers that exploit refuse (Chamberlain et al., 2017). Our data confirms
this, identifying the lesser yellow-headed vulture (Cathartes burrovia-
nus), black vulture (Coragyps atratus) and greater yellow-headed vulture
(Cathartes melambrotus) as an indicator species for high levels of human
settlement in the savannah.

Swifts were indicators of medium levels of human settlement in both
ecoregions, potentially taking advantage of increased nesting opportu-
nities provided through building construction (short-tailed swift; forest
ecoregion) and planting of trees (fork-tailed palm swift; savannah
ecoregion) typical of emerging urban development (Biancalana, 2018;
Collins and Thomas, 2012). Indicators of low human settlement in-
tensity in the forest ecoregion were species such as the giant cowbird
(Molothrus oryzivorus), crested oropendola (Psarocolius decumanus), and
white-throated toucan (Ramphastos tucanus). These species feed on a
wide range of insects, fruits, seeds, and flowers of large canopy trees,
and our results suggest low levels of urban encroachment and proximity
to native forest may meet their habitat requirements in forested areas
(Fahrig, 2003; Zapata and Robledano, 2014).

Several urban avian studies have demonstrated the impact of human
settlement on bird richness and abundance (McKinney, 2008; Ortega-
Alvarez and MacGregor-Fors, 2011). Generally, settlements have fewer
bird species, but higher abundances compared to surrounding ecosys-
tems. Consistent with the consensus in previous research, we found that
bird abundance was greatest at medium and high levels of human set-
tlement in both ecoregions (Chace and Walsh, 2006; Faeth et al., 2012;
Njoroge, 2014).
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Bird species richness is influenced by vegetation abundance and
habitat heterogeneity, and the highest diversity of species is typically
found in moderately disturbed habitats, rather than in the most natural
habitats (Blair, 1996; Marzluff, 2001; McKinney, 2002; Natuhara and
Imai, 1996; Reynaud and Thioulouse, 2000; Tratalos et al., 2007b). Our
findings demonstrate a similar trend in both ecoregions, with areas of
medium human settlement showing statistically higher species richness,
particularly in the savannah ecoregion. Although species richness was
highest in the medium level of human settlement in the forest ecoregion,
this difference was not significant. Our findings support the idea that
avian richness peaks in areas with intermediate levels of human settle-
ment, which differs from previous studies that suggest urban intensity
has a negative relationship with bird richness (Blair, 1996; Lepczyk
et al., 2008; Tratalos et al., 2007a). The mechanisms that may cause
these patterns are diverse. Landscape changes that occur during mod-
erate levels of development can increase the diversity and abundance of
resources available for birds by altering the plant community through
crop cultivation and introducing ornamentals, changing vegetation
structure (Smith et al., 2010). Moderate urban development can also
increase the structural diversity of the ecosystem making them more
heterogeneous in form. This occurs through the introduction of infra-
structure such as buildings and electricity poles, which may provide sites
for nesting and perching. Consequently, this can benefit various groups
of birds, including habitat generalist species and native habitat specialist
species (Blair, 1996; Mainwaring, 2015; Marzluff, 2001).

4.2. The effects of site-level and landscape variables on urban tolerance
groups

We assessed several environmental variables with regard to bird

abundance, species richness and urban tolerance. It is known that urban
habitat features affect urban avian species both positively and nega-
tively (Chace and Walsh, 2006; Evans et al., 2009; Ortega—Alvarez and
MacGregor-Fors, 2009) and according to our study this differs depend-
ing on the surrounding ecoregion and, according to the classification
used in this study, the urban tolerance of a species.

Species’ responses to environmental changes can be complex,
species-specific, and locality dependent. Our prediction of a positive
relationship between urban tolerant bird species and built structures
was upheld in the forest ecoregion, as we observed a positive effect of
building density on urban dwellers. Notably, building density also had a
positive impact on all tolerance groups in the savannah ecoregion.
However, in the forest ecoregion, we observed a negative effect of
building density on utilisers and avoiders, likely attributed to the loss of
structural complexity and shelter provided by the forest as a result of
urban development. Additionally, negative impacts on these less urban
tolerant birds could be attributed to pollution, anthropogenic distur-
bance, lack of resources, and unsuitable habitat conditions, as well as
higher predation risk in built-up areas (Alberti, 2005; Fischer et al.,
2015; Sorace, 2002).

In the savannah ecoregion our data suggests all tolerance groups are
potentially benefiting from new breeding sites and food resources pro-
vided by built environments, such as the construction of new houses in
human settlements (Blair, 1996; Chace and Walsh, 2006; Luniak, 2004;
Sushinsky et al., 2013; Tomasevic and Marzluff, 2017; Tryjanowski
et al., 2020), while negatively impacting avoiders and utilisers in the
forest ecoregion, supporting our prediction that urban tolerance is
potentially higher in the savannah ecoregion. However, less urban
adapted species may also depend on greenspaces in urban areas for
shelter and foraging opportunities (Fernandez-Juricic and Jokimaki,
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2001; Matheé and Batary, 2015). Our study confirms this in savannah
grasslands, as urban avoider and utiliser communities in had a positive
relationship with greenspace coverage, suggesting that greenspaces act
as a refuge for some less tolerant species in urban areas, emphasising the
importance of a heterogeneous landscape with areas of native vegeta-
tion for their survival in human landscapes (McKinney, 2002). Other
studies have reported similar patterns for urban bird species worldwide
(Chamberlain et al., 2007; Chang et al., 2017; Chang and Lee, 2016;
Ferenc et al., 2016; Imai and Nakashizuka, 2010; Jokimaki, 1999).

4.3. Concepts and methodological considerations

Native species exhibit varying degrees of flexibility in their tolerance
to human activity in urban environments, which may differ geographi-
cally (Litteral and Shochat, 2017). Although species typically show
consistency in their response to human settlements, some species can be
classified as urban tolerant in one area and urban intolerant in another
(Sol et al., 2014). For instance, in our study, some species previously
categorised as urban intolerant in Brazil (Abilhoa and Amorin, 2017)
were found to be abundant in one or both of our highly urbanised set-
tlements, and thus classified as urban dwellers in this study. The dif-
ference is likely due to the density of each species in the surrounding
region, as some species may be too scarce to generate propagules.
However, bird sampling over large regions is time-consuming and
costly, resulting in scarce information on avian urban tolerance in the
northern Amazon (Sol et al., 2020). Therefore, a more general measure
of urban tolerance may enhance our comprehension of avian responses
to human settlement in the Neotropics such as flight initiation distance,
as highlighted by Mikula et al. (2023).

In this study, we applied the urban tolerance categories proposed by
Fischer et al. (2015). The lowest levels of human settlement intensity in
both ecoregions were characterised by predominantly natural habitats,
surrounded by extensive undisturbed areas. This setting allowed us to
include bird species classified as “avoiders,” which show a preference for
undisturbed environments and are less likely to occur in moderately or
highly urbanised areas. Our classification of bird species as “urban
avoiders” aligns with Fischer et al.’s (2015) definition, as they are
typically absent in developed areas but may persist in natural patches
within urban landscapes. Fischer et al. (2015) emphasise that conserving
urban avoiders in human settlements depends on factors like the size,
shape, number, configuration, quality, and connectivity of natural areas
within the urban matrix. Our study aimed to assess the significance of
various habitat features for urban avoiders in our study systems,
providing valuable insights into this aspect of urban bird conservation.

Our study focused on the intensity of human settlement relative to
the ecoregion under investigation. However, the potential effect of
varying characteristics between the forested and savannah regions on
our results merits consideration. Higher population and building density
in the forested area may contribute to increased human activities and
urban development, leading to more pronounced habitat alterations,
pollution, and disturbances that could impact bird communities. In
contrast, the lower population density in the savannah region may result
in comparatively fewer human-induced disturbances and lower settle-
ment levels, potentially influencing bird species’ responses and dis-
playing higher tolerance towards human settlements, as our data
suggests.

Our study design could introduce potential bias when comparing
multiple points from one settlement in each category, per ecoregion. To
address the potential confounding factors that this approach brings, we
employed statistical methods that account for spatial dependencies.
Additionally, detectability bias is a concern when analysing bird abun-
dance, influenced by habitat-specific factors, as well as sampling
methods (Anderson et al., 2015; Moore et al., 2004). To address this, we
used standardised protocols with two experienced surveyors present at
all point count stations.
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4.4. Implications for conservation and urban planning

Despite limited published studies on urban bird communities in
Guyana (Fisher et al., 2021; Hayes et al., 2020), our study provides clear
evidence that urban greenspaces, in particular the savannah ecoregion,
are vital habitats for a range of species. This is an important finding as
there is a lack of studies on how greenspaces can benefit local avifauna
in this rapidly developing part of Amazonia (Chace and Walsh, 2006;
Myers, 2021). In order to maintain or improve wildlife communities in
urban ecosystems urban planning can use this knowledge to consider the
needs of wildlife communities in human settlements (Hostetler et al.,
2011; Nilon et al., 2017). This would entail maintaining natural vege-
tation and interconnected green spaces linked via habitat corridors that
may even be able to provide essential resources for species of conser-
vation concern. Indeed, in our study notable species inhabiting green-
spaces included the endemic blood-coloured woodpecker (Veniliornis
sanguineus), and the IUCN Near Threatened bearded tachuri (Polystictus
pectoralis) and eastern meadowlark (Sturnella magna) (IUCN, 2022;
Rodrigues et al., 2018).

4.5. Conclusion

Comparative research, such as ours, is essential for recognising
generalisable response patterns that help to define a broader ecology of
human settlements in the Neotropics, and across the world. The larger
variation in bird community composition in the forest ecoregion sug-
gests human settlement is having a greater impact in the region, with
some less tolerant species negatively affected by building density and
built infrastructure. In contrast building density benefited almost all
species in the savannah ecoregion. Our findings also indicate that the
most abundant and common bird species in all settlements were native,
accounting for over 20 % of Guyana’s total bird species. This highlights
the potential for Neotropical human settlements to provide suitable
habitats for high native bird diversity if managed effectively (Beninde
et al., 2015).
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