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ARTICLE INTFO ABSTRACT

Edited by: Paul Sibley The intensive shift on land cover by anthropogenic activities have led to changes in natural habitats and envi-
ronmental contamination, which can ultimately impact and threat biodiversity and ecosystem services, such as
pollination. The aim of this study was to evaluate the effect of native forest and human-modified land covers on
the concentrations of chemical elements accumulated in the neotropical pollinator bee T. angustula. Eight
landscapes, within an Ecological Corridor in the State of Sao Paulo, Brazil, with gradients of forest cover, spatial
heterogeneity and varying land covers were used as sampling unities. Bees collected in traps or throngh actives
searches had the concentiation of 21 chemical elements determined by ICP-MS. Results show a beneficial effect
of forested areas on the concentrations of some well-known toxic elements accumulated in bees, such as Hg, Cd,
and Cr. Mulrivariate Redundaney Analysis (RDA) suggests road as the most important driver for the levels of Cr,
Hg, Sb, Al U, As, Pb and Pt and bare soil, pasture and urban areas as the landscape covers responsible for the
concentrations of Zn, Cd, Mn, Mg, Ba and Sr in bees. The results reinforce the potential use of T. angustula bees as
bioindicarors of environmenral quality and also show thar these organisms are being directly affected by human
land use, offering potential risks for the Neotropical ecosystem. Our study sheds light on how land covers (native
forest and human-modified) can influence the levels of contaminants in insects within human-dominated
landscapes. The generation of predictions of the levels of toxic metals and metalloids based on land use can
both contribute to friendly farming planning as well as to support public policy development on the sturounding
of protected areas and biodiversity conservation hotspors.
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1. Introduction Tenkouano et al., 2019). Because of that, risk assessment of pollutants,

such as toxic merals, has been the subject of ecotoxicological discussions

Land cover changes, such as the conversion of natural habirtats to
agriculture, industrial activities and urban expansion, have led to
environmental contamination and changes in the natural habitats, thus
impacting biodiversity and ecosystem functions and services (Ali et al.,
2019; Azad et al., 2019; Chara-Serna et al., 2019; Ponite et al., 2019;

in recent years (Sodango et al., 2018; Urrutia-Goyes et al., 2018). Toxic
metals such as mercury (Hg), lead (Pb) and cadmium (Cd) as well as the
semimetal arsenic (As) are not degradable and there is no homeostatic
role exerted by them. Although they are "natural' contaminants, the
input of these chemical elements into the environment is usually the
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result of anthropogenic activities (Tenkouano et al, 2019) and
depending on the levels they are presented, they may potentially threat
several forms of life (Tong and Lam, 2000). Such activities include
vehicular emissions (e.g. trace elements adhered to particulate matter
from vehicle exhaust, worn tires, worn road surfaces, wear of brake
lining, ete.), industrial emissions (e.g. power plants, coal combustion,
metallurgical processes) and weathering of the construction and surface
of the pavement, as well as mining, waste/sewage disposal and the use
of pesticides and fertilizers (Sezgin et al., 2004; Li et al., 2008; Luo et al.,
2009; Ibe et al., 2018; Khosheghbal and Esmaeilzadeh, 2018). Many
studies show that toxic metals and semimetals can accumulate in the
tissues of different wildlife animals, thus affecting nervous, reproductive
and immune systems in addition to produce genotoxic damage
(Tehounwou et al., 2012; Gizaw et al., 2020).

Bioindicators can be defined as species, communities or biological
processes that give early and sensitive responses depending on the
environment quality (Holt and Miller, 2011). For example, lichens are
good bioindicators of environmental quality because they can manifest
inhibition of growth and development of the sralk, anaromical and
morphophysiological changes under contaminated conditions. This oc-
curs because of the high sensitivity of lichens (cell membrane damage in
response) to several pollutants (Osyczka and Rola, 2019). Another
example of bioindicator is the Bauhinia blakeana tree, because, when
exposed to air pollution, ir presents higher pollen abortion rates, a
response directly related ro a drop in environmental quality (Carneiro
et al.,, 2011). In addition to lichens and vascular plants (Sumita et al..
2003; Grembecka and Szefer, 2013; Klos et al., 2018; Huihui et al., 2020;
Zhang et al., 2020), bees (Porriui et al., 2003; van der Steen el al., 2012;
Silici et al., 2016; Giglio et al., 2017; Zari¢ et al., 2017, 2018) and its
products such as honey (Stecka et al., 2014; Bilandzic et al., 2017),
pollen, propolis and wax (Formicki et al., 2013; Tlak Gajger er al., 2016)
have also been used in environmental risk assessments through the
evaluation of the bioaccumulated levels of metals and metalloids. For
instance, honevbee products collected in areas of intensive vehicle
traffic and industrial and agricultural activities presented high concen-
trations of toxic merals and metalloids in Bulgaria and China (Zhe-
lyazkova, 2012; Zhou et al., 2018). Bees can provide useful information
regarding environment quality, especially due to their foraging behavior
and hairy bodies, presenting great relevance for monitoring the impacts
of anthropogenic land use (Eeva et al., 2004; Corbi et al., 2011; Mihaly
Cozmuta et al., 2012; Azam et al., 2015; Skaldina et al., 2018). In Brazil,
the widespread exotic honevbee Apis mellifera has already been
described as a bioindicaror of environmental quality on different land-
scape contexts (Orsi et al., 2006; Morgano eral., 2010; de Oliveira et al.,
2016). However, current knowledge is still scarce regarding bio-
monitoring of native social bees, which present an intimate relation with
the environment and have important values to ecosystem health and
economnies,

Along the Cantareira-Mantiqueira Ecological Corridor, State of Sao
Paulo, Brazil, the nartive stingless bees Tetragonisca angustula play a
fundamental role in agroecosystems, particularly because it is a polli-
nator of several crops (Malagodi-Braga and Kleinert, 2004; Slaa, 2006;
Vossler, 2018). Similarly, to what was also observed for Apis mellifera
honeybees, stingless bees such as T. angustula, so-called jarai, live in
permanent colonies consisting of a single queen and several workers,
who collect pollen and nectar to feed larvae within the colony (Fletcher
et al., 2020). Although extremely vital to the ecosystem maintenance,
these stingless bees have been exposed to several threats such as forest
loss and fragmentation per se (Falrig, 2003), which results into different
anthropogenic land covers across the space. As a consequence,
human-modified landscapes are frequently submirted to several envi-
ronmental pollution sources.

Atlantic Forest, a biodiversity hotspot (Myers et al., 2000), has
become increasingly fragmented and heterogeneous due to the conver-
sion of forest cover into pasture, urban and agricultural areas (Tabarelli
et al., 2010). It is estimated thar forest cover is abour 16% of the original
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area with the small and isolated forest remnants under severe edge ef-
fects (Ribeiro et al., 2009). Such changes in the landscape may result in
loss of the diversity of species essential for maintaining the ecosystem,
such as stingless bees (Cane, 2001; Steffan-Dewenter et al., 2002).
Despite their significant environmental importance, a decline in the
population of these pollinators has been observed and may be related to
the intense modifications on land cover and forest loss, since some of
these insects rely on trees to build their nests and establish their colonies
(Biesmeijer et al., 2006; Polis et al., 2010; Cameron et al., 2011).

The number of studies dedicated to understand the main drivers of
pollinators and insect threats is rapidly increasing worldwide, particu-
larly in Neotropics (Martello er al., 2016; Boscolo er al., 2017; Medeiros
er al., 2019). These areas have been continuingly changed with respect
ta their natural habirat cover, and therefore, many insects can be
exposed to levels of contaminants that produce toxicity within
human-dominated landscapes. One example is the building of roads and
highways. It is known that vegetation barriers aside roads and highways
alter the dispersion of vehicular rraffic emissions which frequently
contain significant levels of roxic mertalloids and merals (Nowak er al.,
2013b; Cavanagh et al., 2009) which in turn can later bicaccumulate
and affect living organisms (Agnan et al., 2015; Zaric et al., 2018; Costa
et al., 2019). Also, there is evidence that vegetation filters gases, par-
ticulate matter and toxic metals adsorbed on the latter, what contributes
to improve air quality (De Nicola et al., 2008; Manisha and Suresh
Pandian, 2016; Esposito er al., 2019). Moreover, there is evidence that
human land uses had a stronger influence on toxic metals and metalloids
concentrations within modified landscapes, either in air, soil, water or in
biological entities (Fritsch et al., 2011; Li et al., 2015; Liu et al., 2016;
Kodnik et al., 2017; Richardson and Moore, 2020). However, most of the
previous studies have focused on ecological and roxicological ap-
proaches separately, which stresses the need for further development of
multi-scale ecotoxicological studies, thus resulting in the advance of our
understanding of pollutant dynamics and toxic effects in ecosystems. In
this context, the main goal of this study was to evaluate the effect of
native forest and human-modified land covers on the concentrations of
chemical elements accumulated in the neotropical pollinator bee
T. angustula. Potenrially, bees from areas with higher percentage of
native forest would have lower levels of toxic metals, metalloids and
trace elenments related to human land use. In addition, the levels of the
toxic elenients deterniined in bees would be result of the environmental
input/release of these chemicals, which are frequently utilized in ac-
tivities taking place in most of the classes of land use under study
(agriculture, pasture, urban areas, roads). The interaction of these
chemical elements with mereorological and geological conditions, allied
to their toxicokinetics, will ultimately define the levels found in bees.
Therefore, bees foraging areas comprised by activities that involve a
significant input of toxic metals/metalloids into the enviromuent such as
urban areas and roads or even agriculture are expected to have more
toxic elements accumulated, such as Hg, Sb, Zn, Cd, Pb and As. On the
other hand, perimeters importantly covered with bare soil and degraded
areas, seen as land covers that significantly receive less addiri-
ve/chemical inputs since they are unproductive, might have lower in-
fluence on the levels of toxic metals and metalloids in bees. In addition,
we evaluated the potential of T. angustula as bioindicators of the envi-
ronmental qualiry.

2. Material and methods
2.1. Study area and landscape selection

We conducted this study in the Ecological Corridor Cantareira
(south) and Mantiqueira (north) Mountains, in the Atlantic Forest
biodiversity hotspot, State of Sdo Paulo, Brazil (Mvers et al., 2000). The
region has been the focus of many socio-environmental studies, and
since 2014 a Long-Term Research has been developed in this corridor
(LTER CCM, or Projeto de Estudo de Longa Duragdo in portuguese - PELD
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CCM - funded by FAPESP). The altitudes can reach 400 m1 and the pre-
cipitation average is over 1500 mm per year (Mazzei, 2007). The climate
of the region, according to the climatic classification of Koeppen, is the
humid subtropical type, with the hot and rainy period occurring be-
rween October and March. The narural vegetation and land cover of the
region are quite heterogeneous, with a strong anthropic pressure. For
example, suppression of native vegetation for urban expansion, agri-
culture, forestry (mainly Eucalyptus commercial plantations), tourism,
roads, NGO and governmental conservation projects, hunting activities
and increasing fires in forest remnants have already been described in
this region (Sartorello, 2014).

We created land cover maps from the study area using high-
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resolution satellite images (Esri, DigitalGlobe, GeoEye, Earthstar Geo-
graphics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid,
IGN, IGP, swisstopo, and/or GIS User Community) of one-meter spatial
resolution available in the Basemap extension (ArcGIS 10.2). Within the
LTER CCM region, we selected eight regional landscapes with 5 km-
radius following a gradient of forest caver ranging from 16% to 69%. To
define these landscapes, we used aerial and satellite images from the
study region as well as field visits. In addition to forest cover (%) at
regional scale, we also calculated Shannon's Index diversity (Shdi), as an
estimate for anthropogenic landscape diversity, since most of the classes
of land use in the regions under study are resultant of human activity
(McGarigal, 2012). Forest cover was calculated using GRASS 6.4
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Fig. 1. Sampling landscapes with 5 km radius within Cantareira-Mantiqueira Corridor, situated in the State of Sao Paulo, Brazil. A) Southein Brazil showing original
and remaining forest areas. B) Locarion of the eight sampling landscapes within the study region. C) Land cover classes of the sampling landscapes; below the
landscapes we present native forest cover (%) and spatial heterogeneity (Shannon diversity index). The region is pait of the Long-Term Ecological Research at

Cantareira-Mantiqueira Corridor (LTER CCM or PELD CCM), Sdo Paulo, Brazil.
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(GRASS Development Team, 2015). Landscape heterogeneity and forest
cover were calculated within circular areas of 5 km radius surrounding
sampling plots. The forest fragments were surrounded by distinct land
cover classes (crops such as citrus and coffee, pasture, forestry, urban
areas, roads, degraded area, etc.) which combined determined the gra-
dients of landscape heterogeneity (Fig. 1). Dertailed informartion on the
classes of land cover per landscape are available in Supplementary
Table S1.

2.2. Bee sampling

We installed 70 trap nests (one per tree) (for details, see Caliar-
i-Oliveira et al., 2012) in each of the eight regional landscapes. These
traps were placed on tree trunks (nests spaced from each other by at least
50 m distance in random directions) from September 2015 to September
2017 (SISBIO permission number 48402/1, from the Brazilian Ministry
of Environmenr). Every two months, the nests were inspected to verify
the presence of individuals. In addition, we performed active searches
along the study areas in order to find natural nests (21 natural nests were
found, approximately 2-3 per landscape). At least one forager of Tet-
ragonisca angustula per occupied colony was collected and individuals
were conditioned in metal-free Eppendorf tubes (Eppendorf, NY, USA)
labeled with date, rime and locarion. After rhar, the samples were stored
at -20"C.

2.3. ICP-MS analysis

Samples were weighed and digested with nitric acid (3% v/v) in a
closed vessel system ar 80 °C for six hours according to the method
proposed by Paniz et al. (2018). Subsequently, the resulted digested
sample was diluted with Milli-Q water and analyzed by inductively
coupled plasma mass spectrometry (ICP-MS). All reagents used were of
analytical grade, except nitric acid (HNO3), which was previously pu-
rified in a quartz distiller (Kiirner). High puriry warer (resistiviry
18.2 MQ-cm), obtained from a Milli-Q system (Millipore, Milli-Q Rios,
Bedford, MA) was used thoroughly. The plastic and glass containers and
flasks were cleaned by immersion in 10% (v/v) HNOj for 24 h, washed
with Milli-Q water and dried in a laminar flow chamber in a class 1000
roont. The determination of the chemical elements was carried out by
using an inductively coupled plasma mass spectroscope ELAN DRC I
(ICP-MS) (Perkin Elmer Life and Analytical Sciences, USA) and included
the analysis of aluminum (Al), arsenic (As), barium (Ba), cadminm (Cd),
cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg),
magnesium (Mg), manganese (Mn), nickel (Ni), lead (Pb), platinum (Pt),
rubidinm (Rb), antimony (Sb), selenium (Se), strontium (Sr), uranium
(1), vanadium (V) and zinc (Zn). The ICP-MS is equipped with a plat-
inum and cone skimmer sampler, both from Perkin Elmer and 99.999%
argon (Whire Martins, SP, Brazil). Stock solutions (10 mg/1) were used
for analytical curve preparation (Perkin-Elmer), and rhodium (Rh) was
used as an internal standard (10 mg/l). Certified reference materials
from the International Artomic Energy Agency (IAEA) were analyzed
before and after the analysis of a group of 20 samples for quality control
of data.

2.4. Statistical analysis

Chemical elements levels were logl0-transformed in order to in-
crease model fitting power. Descriptive statistics was used to summarize
the levels of chemical elements accumulated in bees sampled from the
eight landscapes. Landscape diversity, including native forest cover and
classes of human land use were used as explanatory variables.

We analyzed the influence of native forest and landscape diversity on
the concentrations of 21 chemical elements accumulated in bees. To
examine landscape diversity (Shdi) or native forest (fixed effect) effects
on chemical elements levels determined in T. angustula bees, we used
linear mixed-effects models (LMEs), fitted by restricted maximum
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likelihood (REML), from nlme package (Pinheiro et al., 2021). Landscape
ID and sampling date (month and year) were included as random effects
at both models. Despite being part of landscape heterogeneity, the in-
fluence of native forest cover has been evaluated separately to empha-
size its porential importance and verify a potential beneficial effect on
the levels of inorganic contaminants in bees, used as a proxy for
assessing bees health which can have an impact in conservation.

We ran a multivariate analysis (Redundancy Analysis) to assess the
classes of human land use that better explain the partern of accumula-
tion of chemical elements in bees. This approach was used since it
summarizes the variation in a set of response variables that can be
explained by a ser of explanatory variables (Legendre and Legendre,
1998). To do that, we used the rda function from rhe vegan package
(Oksanen et al., 2015). Agriculture was removed from this analysis due
to high multicollinearity (verified by the high Variance Inflation Factor
(VIF). Significance of RDA constrained axes was assessed using the
ANOVA.cca function and significant axes were then used to identify
distribution of samples in relation to landscape covers and metals con-
centration. We alternatively ran mixed linear models (LMFs) using
degraded area, pasture, urban area, road and bare soil as fixed factors
(explanatory variables with VIF <3.00 indicated by RDA as major
drivers). Landscape ID and sampling date were also included as random
effects and all models were fitted by REML (restricted maximum
likelihood).

Variance Inflation Factor (VIF) was calculated in order to identify
multicollinearity using vif funcrion from car package (Fox and Weisherg,
2019). VIF were considered acceptable when lower than 3.00. Estimate,
p-values (alpha level = 0.05) and t-values were used to determine the
direction, significance and magnitude, respectively, of the effect on the
concentrarion found in bees. We performed all statistical analyses in the
R environment version 3.4.3 (R-Core Team, 2013).

3. Results and discussion

Human land use has been referred as one of the main threats to
biodiversity, leading to extensive forested areas converted into agri-
culture and pasture fields (Foley er al., 2005; Fierro er al., 2019). Here
we investigated the impact of human landscape changes and native
forest cover on the accumulation levels of 21 chemical elements in the
native social bee Tetragonisca angustula in the threatened biome of
Atlantic Forest in Brazil. The majority of environmental biomonitoring
studies using bees carried out so far has focused on Apis mellifera
(Fakhimzadeh and Lodenius, 2000; van der Steen et al., 2012; Gutierrez
et al., 2015; Costa et al., 2019), mainly due to its widespread
geographical distribution, pollination services and consequent economic
importance. Even though few of these studies have examined native bee
species, our study is unique in evaluating native social stingless bees
(Moroii et al., 2014; Exley et al., 2015).

We sampled 214 individuals of Tetragonisca angustula from the eight
landscapes (27 + 23 per landscape) along the LTER CCM region.
Descriptive data (median and interquartile range) of the toxic and
essential elements determined in T. angustula bees are summarized in
Supplementary Table 52, The medians of toxic and essential elements
varied considerably among landscapes, which in turn vary in percentage
of native forest, and surrounding land covers. This corroborates the
studies of Bromenshenk et al. (1985) and Veleminsky et al. (1990) that
have previously suggested that the level of toxic metals in Appis melifera
bees fluctuates according to their concentration in the environment
these insects live in. In our study, the landscape with 41% of forest cover
presented the highest medians of the toxic elements such as Hg, Pb, Al,
Cr, Pt, U, Sb and As, respectively (Supplementary Table §2). The levels
of the elements in bees are either result of environmental inheritance
from parent materials or environmental inputs through human activities
that might be taking place in this region and their impact needs to be
monitored in detail.
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3.1. Landscape heterogeneity (primarily human-derived) and native
forest cover influence metals levels accumulated in T. angustula

In our study region, the more heterogeneous the landscape (e.g.,
more anthropogenic land cover classes such as pasture, agriculture,
urban area, roads, degraded areas, forestry plantarions, etc.), the higher
the number of potential sources of pollution. These pollution sources
may act synergistically considering the accumulation of toxic metals,
metalloids and nonmetals in the bees. Fron the 21 chemical elements
studied, we found a positive influence of landscape diversity (which is
composed mainly by classes of human land use) on the concentrations of
Hg, Zn, Cd and Cr accumulared in T. angustula (Table 1). However, for
Cu levels, we observed a negarive effect of anthropogenic landscape
diversity (Table 1). Potentially in one or more of these less heteroge-
neous landscapes where bees presented higher concentrations of Cu,
sources of this element, either natural or anthropogenic, may have
increased Cu levels in the environment (Ballabio et al., 2018). Apart
from these sources, environmental distribution of Cu is influenced by
climatic, geological and pedological factors (Ballabio er al., 2018).

Native forest cover presented a positive effect on rthe levels of Co and
Cu in bees (Table 2). This finding can be related to natural sources of Cu,
that include volcanic eruptions, windblown dust, and forest fires
(Georgopoulos et al., 2001). Cobalt, in turn, occurs naturally in soils
through the breakdown of organic martter, and rhe weathering of the
local minerals into soil parricles (Collins and Kinsela, 2010).

An interesting finding is that Hg levels found in bees were directly
related to anthropogenic landscape diversity and inversely related to
native forest cover (Tables 1 and 2). In addition to Hg, native forest
cover (%) presented a significant negative influence on the levels of Cd,
Cr and, Zn (Table 2). These results suggest thar the proportion of native
forest cover does have a protective effecr on the environmental con-
centration of harmful elements with no essential role in the biology of
any existing organism, such as Hg and Cd. It is known that vegetation
can alter the dispersion of environmental contaminants surrounding
roads and urban/industrial areas of emissions of pollutants, which can

Table 1

Effect of landscape heterogeneity on logl0-transformed levels of chemical ele-
ments determined in Tetragonisca angustula stingless bees sampled from the eight
landscapes wirhin the Long-Term Ecological Research Cantareira-Mantiqueira
Corridor (LTER CCM/PELD CCM), Sao Paulo, Brazil.

Chemical element Estimate SE t-value p-value
Al 0.0844 0.2954 0.2859 0.7735
As -0.8366 0.5256 -1.5915 0.150
Ba -0.2599 0.4549 -0.5713 0.583
cd 0.3828 0.1192 3.2101 0.001++
Co -0,1946 0.1786 -1.0%01 0.278
Cr 0.6981 0.2212 3.1562 0.002%*
Cu -0.211 0.0905 -2.3306 0.0217
Fe -0.1249 0.4333 -0.2883 0.780
Hg 3.2256 1.1003 2.9317 0.018*
Mg 0.0255 0.065 .3929 0.695
Mn 0.0623 0.1257 0.4961 0,620
Ni -0.3066 0.3009 -1.0189 0.310
Pb -0.0105 0.1373 -0.0762 0.939
Pt 0.2268 2.3127 1.0981 0.924
Eb -0.1006 0.3449 -0.2917 0.777
sb 0.6991 0.4461 1.5672 0.1557
Se 67.442 697.41 0.0967 0.925
big -0.0764 0.3575 -0.2138 0.836
U 0.3991 0.8282 0.4819 0.642
h'f 0.237 0.3278 0.7231 0.471
Zn 0.2732 0.0868 3.1481 0.002++

Nore: SE, standard error. Sampling date (month and year) and landscape 1D were
included as random effects. Linear mixed model was fitted by REML (resticted
maxinmum likelihood). Significant relations are indicated by

' p = 0.001.

p < 0.01.

©p<0.05
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Table 2

Effect of native forest cover on logl(-wansformed levels of chemical elements
determined in Tetragonisca angustula stingless bees sampled from the eight
landscapes within the Long-Term Ecological Research Cantareira-Mantiqueira
Corridor (LTER CCM/PELD CCM), Sao Paulo, Brazil.

Chemical element Estimate SE t-value p-value
Al 0.0018 0.0117 0.152 0.882
As 0.0111 0.0074 1.4855 0.173
Ba -0.0001 0.0063 -0.0212 0.983
cd -0.0039 0.0018 -2.137 0.035°
Co 0.0084 0.0029 2.9436 0.004"
Cr -0.0071 0.0038 -1.8754 0.0437
Cu 0.0043 0.0011 3.8077 <=<0.0001%*
Fe 0.0016 0.006 0.2587 0.802
Hg -0.0437 0.0158 -2.7584 0.0247
Mg 0.0001 0.0008 0.1716 0.864
Mn -0.0018 0.0042 -0.4174 0.687
Ni 0.0112 0.0098 1.1415 0.286
Pb 0.0029 0.0058 0.5024 0.628
Pt -0.0023 0.0322 -0.0727 0.943
Eb 0.0042 0.0046 0.9291 0.380
Sb -0.0099 0.0062 -1.5957 0.149
Se 2.3783 1.2933 1.8389 0.068
Sr -0.0764 0.005 9E-05 0.999
4] -0.0035 0.0116 -0.2978 0.773
W 0.0006 0.0141 0.0454 0.964
in -0.0033 0.0013 -2.5317 0.035°

Note: SE, standard error. Sampling date (month and year) and landscape ID were
included as random effects. Model was fitted by REML (resuicted maximum
likelihood). Significant relations are indicated by

T p < 0.05.

“p=0.01.

T p<0.001.

be subsequently removed from tree canopies by resuspension, rainfall,
and leaves fall (Nowak et al., 2013h, 2013a). Trees are widely quoted to
be efficient scavengers of particles from the atmosphere, but before the
pollutant’s removal, some pollinarors such as bees can be exposed to
significant levels of some toxic metals and metalloids, since atmospheric
deposition in the forest interiors is greater than in their edges (Fowler
et al., 2004). This phenomenon can be explained by the decreased wind
speed and the relatively low pH values - that can increase the
bioavailability of merals and chemical elements in soil - seen inside the
forest (Raynor et al., 1974; Hurchinson and Whithy, 1977; Pleijel et al.,
1996; Takac et al, 2018). The increased deposition of airborne
metal-containing particles, even those originating from distant loca-
tions, can offer a considerable risk to bees as well as to other pollinators
(van der Steen et al., 2012). A combination of these concepts allied to the
characteristics of our study areas can help to understand why some of
the elements’ levels were inversely correlated with the percentage of
native forest cover while others presented a direct relation.

However, our results only partially corroborate with our predictions
regarding native forest cover, since it presented a significant negative
relation with only a few of well-known toxic elements. The remaining
chemical elements neither show a significant relation wirth the per-
centage of forest cover nor with the landscape heterogeneiry (Tables 1
and 2). More studies are needed to better comprehend the impact of
vegetation on the environmental mobility and availability of toxic
nietals and metalloids.

3.2. Effect of human land use classes on toxic metals accumulation in
T. angustula

We ran a Redundancy Analysis (RDA) to further explore the influ-
ence of the classes of human land use on merals and metalloids’ levels
found in bees (Fig. 2). The RDA model explained 26.04% (constrained)
of the total variance. Only the first two constrained axes from RDA an-
alyses were significant (p-value from RDA1 = 0.001; p-value RDA2 =
0.006) to explain the concentration of metals found on bees. This means
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Fig. 2. Redundancy analysis (RDA) showing the variarion of chemical elements
levels being explained by anthropogenic landscape covers.

Footnote: The empty black circles correspond to sampling units; the red positive
symbaols correspond to the chemical elements; and the blue arrows are the
predictors. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

that anthropogenic land covers explain 26.04% of the wvariation
observed in chemical elements found in bees. This proportion is mainly
explained by road and bare soil, since these variables most contributed
to the first and second axes, respectively. For instance, road presented
the most important contribution to the first axis and the elements most
associated with this landscape cover were Cr, Hg, Sb Al, U, As, Pb and Pt.
These elements are components of crustal soil, and predominantly
attributed 1o resuspended road dust (Goryainova et al, 2016).
Traffic-related emissions, such as those containing Sb, are one of the
main sources of soil pollution. The levels of this metalloid in the soil
have been recently demonstrated to decrease with increasing distance
from roads being also strongly linked wirh brake lining sources (where it
has been used as a substitute for the banned asbestos) (Foldi er al.,
2018). Cr and Pb have been also discussed as coming from vehicular
source in a previous biomonitoring study (da Silveira Fleck et al., 2017).
Considering Cr in soils, it is known that it can be also result of the natural
geological substrate degradation process as well as to the use of sub-
stances containing ir, such as pesticides and fertilizers (Friani et al.,
2017). It is believed that most Cr in soil is in the trivalent form (less
toxic), complexed with mineral structures (Branca et al., 1990). Even
though we did not identify the amount of the different Cr species (IIT or
VI) in bees, our results show that roads are significantly related to
environmental Cr input and ultimately to accumulated Cr in bees. On the
other hand, concentrations of Zn, Cd, Mn, Mg, Ba and Sr were associated
mainly with bare soil, ver pasture and urban area also centered an
important number of bees presenting significant amounts of these ele-
ments on their bodies. Moreover, Rb levels were shown to be associared
with the presence of degraded area, what corroborates its natural
presence in some types of soils (Tyler, 1983).

Our alternative strategy (mixed linear model), performed to verify
whether combined classes of human land use (indicated by the RDA)
influence the levels of chemical elements in bees (Table 3) showed that
urban area, road, degraded area, bare soil and pasture are anthropogenic
landeovers that significantly explain the level of Cd, Hg and Zn found in
bees (Table 3). This finding corroborates with a recent study that
showed, through the evaluation of Cd in soil samples, that road acces-
sibiliry is a proxy for the spatial heterogeneity of urbanization (Qiu et al.,
2019). According to the authors, oscillations in the Cd levels in soil,
together with rhe road accessibility gradient must be considered in rthe
formulation of targeted policies for controlling Cd contamination in
countrified areas. In addition, it is known that some fertilizers used in
pastures may contain several contaminants, of which Cd is considered to

Ecoroxirology and Environmental Safery 215 (2021} 112147

Table 3

Effect of the combined classes of human land use on the logl0-transformed
concentrations of chemical elements determined in Tetragonisca angustula bees
sampled from the eight landscapes within the Long-Term Ecological Research
Cantareira-Mantiqueira Corridor (LTER CCM/PELD CCM), Sao Paulo, Brazil.

Chemical Fixed factor Estimate  tvalue  SE P
element value
Al Degraded area/Bare -0.0001 0.0002 -0.402 0.698
As soil/Pasture/Road/ -0.0002 0.0001 -1.707 0.126
Ba Urban area 0.0000 0.0001 0.301 0.771
cd 0.0002 0.0001 2,146 0.046
Co -0.0002 0.0001 -1.193 0.267
Cr 0.0002 0.0002 1.202 0.264
Cu -0.0001 0.0001 -0.828 0.432
Fe 0.0000 0.0001 -0.361 0.727
Hg 0.0009 0.0003 2.872 0.021°
Mg 0.0001 0.0001 0.602 0.564
Mn 0.0001 0.0001 0.804 0.444
Ni -0.0001 0.0002  -0.604  0.562
Pt 0.0003 0.0006 0.388 0.709
Rb -0.7860 1.9410 -0.405 (1.696
Sb 0.0002 0.0001 1.804 0.109
Se 0.0924 0.1946 0.475 0.648
Sr 0.0001 0.0001 0.605 0.562
4] -0.0003 0.0007  -0.351  0.735
W -0.0310 0.0849 -0.365 0.724
in 0.0001 0.0000 3.219 0.012~

Note: SE, standard error. Sampling date (month and year) and landscape ID were
included as random effects. Model was fitted by REML (resuicted maximum
likelihood). Significant relations are indicated by

T p=0.05.

be of high concern (Loganathan er al., 2008).

Few studies have identified a relation berween the levels of Hg in
bees and croplands (Toporcak et al., 1992; Zaric et al., 2018). Even
though Hg is liberated into the environment from natural and anthro-
pogenic sources, coal-fired power plant has been identified as the largest
source of Hg emissions (i er al., 2017). Apparently, the use of organic
fertilizers, such as sewage sludges and municipal solid wastes, pesticides
in addition to industrial and urban emissions (followed by Hg deposi-
tion) are the most common sources of Hg inputs into the environment
(Sanchez et al., 2017: Sundseth et al., 2017). We are not aware of any
coal-fired power plants operation in the region. On the other hand, it is
also important to consider that the presence of Hg in soil, planr lirter,
and sediments is a function of geochemical eycles and specific variables,
such as climate, land usage, vegeral cover, as well as physical, chemical,
and biological processes that take place in this environment (Demers
et al., 2007; Bonotto et al., 2018; Ma et al., 2019). The information
above is important to be considered since we also saw degraded areas as
a factor explaining the levels of this toxic metal in bees (Table 2). In
addition to Hg, farmlands can have high levels of other toxic merals such
as Zn (Lieral., 2019). It is known that agricultural practices such as the
use of organic and inorganic fertilizers, pesticides, fungicides, as well as
sewage sludge and wastewater, also can add a good amount of Zn
(among other metals) into the soil and water ecosystems (Nagajyoli
et al., 2010). Additionally, Zn can also be released in the atmosphere by
vehicular rraffic (i.e., rire wear emissions, antioxidant in engine oils) (da
Silveira Fleck er al., 2017).

Exposure to toxic elements may impact pollinators’ health as well as
their ability to survive within human dominated landscapes (Moron
et al., 2014). Individual growth, behavior, and survival, as well as the
reduction of abundance and/or diversity of assemblages are examples of
processes that are affected by pollution (Sheehan, 1984). Environmental
inpurts of metals seen accumularted in bees in this study such as Pb, Cd or
Cu can result in neurotoxieity (Nikolic et al., 2019) and also can limit the
availability of plant resources used as food and material to build nests by
bees (Burden et al., 2019). The contamination of the environment by
toxic metals has an additional indirect harmful effect on certain bees’
popularions, being associated with decreased number of brood cells and
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increasing offspring mortality (Moron et al., 2014). Thus, in addition to
their importance for environmental quality, highly forested areas play a
pivotal role as source of nutrition and nest material that can protect bees
from exposure and accumulation of highly toxic metals such as Hg, Cd
and Cr (Table 2). Addirionally, bees preferentially explore habitats in-
side forest fragments (Newton et al., 2018), being less exposed to urban
or human effects, Therefore, we believe that the levels of the toxic
metals found in the bees in this study may be even an underestimation
on the levels existing in the environmental surroundings (soil, air and
water) within the LTER region, given this behavior of bees,

3.3. Comparison of toxic metals/metalloids levels with the literature

We made a summary of available informarion on the levels of toxic
metals/metalloids determined in T. angustula (this study) and several
other bee species carried through biomonitoring studies developed
worldwide (Table 4). The great majority of studies have been performed
using Apis mellifera (which is an exotic species in many regions, as it is in
Brazil), whart highlights the importance to carry out studies using native
bees like T. angustula.

The levels of Hg in our study were lower than those reporred in
A. mellifera bees collected in industrially contaminated areas in Slovakia
(Toporcak et al., 1992). However, the range of Hg levels (0.022 to about
427 ng/g) determined in our study is considerably wider than that re-
ported in honeybees collected from an urban-industrial area, which
ranged from 100 to 250 ng/g (Zaric er al., 2018). These authors showed
that the highest levels of Hg in honeybees were found nearby a petro-
chemical plant, whereas the lowest levels were showed in bees sampled
from rural sites, nearby environmental protected areas. This same
pattern was observed in our study, where the levels of Hg were much
lower in areas with higher forest cover (> 60%, Supplementary
Table 52) in comparison to those with lower percentage (< 41%, Sup-
plementary Table S2). However, considering the maximum Hg level
reported in this study (Supplementary Table 52), it is still a matter of
concern, since exposure to this toxic metal can generate physiological
disturbances also in insects, such as bees, as previously reported (Gizaw
et al., 2020).

The levels of Cd, Cr, and Sb determined in T. angustula bees were
miuch lower in comparison to those detected in honeybees in the study of
Porrini er al. (2003) (Table 4). For Al, a metal associated with neurotoxie
effects, the levels found in T. angustula bees in this study were higher
than those reported by Silici et al. (2016) and by Zari¢ et al. (2017) in
A. mellifera bees. Among the areas studied by Zari¢ et al. (2017), bees
from a region with agricultural activities and narural vegetation pre-
sented the lowest level of Al. In this same context, Exley er al. (2015)
found that bumblebee pupae were also considerably contaminated with
Al, which generated adverse effects, since the pupae tended to be smaller
when exposed to high Al levels. Pollen and nectar were the suspected
sources of bees’ contamination. Also, for Pb, T. angustula bees showed
higher levels in comparison to the A. mellifera bees from a Turkish area
situated at least 10 km distant from a thermal power plant (Silici er al.,
2016).

Since elements determined in T. angustula showed to be significantly
affected by native forest and human-modified landscapes, we suggest
that this native bee can serve as an important bioindicator of environ-
mental quality in the Atlantic Forest. T. angustula is known ro have a
shorter flight range, and rhe chemical elements concentrarions accu-
niulated potentially refer to environmental conditions within fine scale
range (1 km radius) (Araujo et al., 2004). This stingless bee species has
generalist habits and can build their nests at different locations,
including urban areas and visit a wide variety of crops. Due 1o its
behavior and according to our results, the levels of inorganic contamii-
nants in T. angustula can serve as a proxy for assessing bee health and
impacts on conservation, as well as to estimare the environmenral
qualiry of different areas.
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4. Conclusion

Within human-dominated landscapes, where different anthropo-
genic land covers take place, it is extremely important to evaluate how
these classes of human land use influence the levels of toxic chemical
elements, particularly in pollinators. Although by varying land cover we
can increase spatial heterogeneity, depending on its cover classes (%) we
will have positive or negative effects on species abundance and di-
versity. Regarding ecotoxicity - as is the case of toxic elements levels
accumulared in T. angustitla bees — the results are also dependent on the
context of land use. Here we present a beneficial effect of forested areas
on the concentrations of some well-known toxic elements accumulared
in bees (Hg, Cd, and Cr), stressing the important role of ecological cor-
ridors, especially surrounding agricultural and urban areas, as well as
increasing green areas inside urban regions. Anthropogenic land cover
classes, especially road, urban area, pasture and bare soil appear to be
good predictors of the accumulation of specific metals and metalloids in
bees, although some results were contrary to our expectations. For
instance, one can think of bare soil as an area of little impuration of
chemical additives or even unproductivity, bur for potential toxic ele-
ments such as Zn, Cd, Ba and Sr, this land cover was pointed to partic-
ipate as an important driver of their levels in bees. Since inorganic
chemical elements are not degraded through time, both current as well
as past acrivities using additives/chemicals, rogether with meteorolog-
ical and geological conditions and individual factors, may be potenrial
explanations for having this unproduective area as driver of accumulated
elements in bees (for instance, unproductive areas with resuspended soil
that once had mining, agriculture, pasture, etc.).

By considering that pollinators critically contribute to global food
production (Garibaldi er al., 2011; Giannini et al., 2015), and that it is
crucial to understand how these species respond to anthropogenic
changes in land cover, our study sheds light on how land covers (native
forest and human-modified) can influence the levels of contaminants in
insects within human-dominated landscapes. Also, our data reinforce
the potential use of T. angustula bees as bioindicators of environmental
quality and also show that these organisms are being directly affected by
anthropogenic activities through different land uses within an ecological
corridor, offering potential risks for the Neotropical ecosysten. The
generation of predictions of the levels of toxic metals and metalloids
based on land use can both contribute to friendly farming planning as
well as to support public policy development on the surrounding of
protected areas and biodiversity conservation hotspots.
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Table 4
Comparison of the levels of toxic metals and metalloids in T. angustula with results obtained in studies developed worldwide.
Chemical Arithmetic mean =+ SD Bee species Country - Study Sampling sites Sample
element (min-mex) type
Al (pgsg) 32,44 £4396(1.6]1 - Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecological corridor of Atlantic  forager
206.03) angustula Forest
3.48 £ 0.16 Apis mellifera Turkey (Silici et al., 2016) Samples located 10-22 km away from thermal power plants forager
104 £ 407 Apis mellifera Serbia (Zari¢ et al., 2017) An urban area with significant agriculture activity forager
16.8 £ 5.4° Apis mellifera Serbia (Zaric ¢t al., 2017) An urban area with significant agriculture activity forager
66 + 26° Apis mellifera Serbia (Zaric et al., 2017) The highest level in urban area forager
8.4+ 3.9 Apis mellifera Serbia (Zaric et al., 2017) The lowest level in urban area forager
18.2-60.0 Bombus terrestris Belgium (Exley er al., 2015) min-max found in a rural area pupae
audax
16.3-149.4 Bombus terrestris Belgium (Exley et al., 2015) min-max found in an urban area pupae
audax
As (ng/g) 22.61 +16.7 Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecological corridor forager
(1.06-101.7) angustula
0.13-1.64 Apis mellifera Netherlands (van der Steen Pooled samples from agricultural, woods and urban areas worker
et al., 2016)
0.67-0.83 Apis mellifera Netherlands (van der Steen An urban area with cement industry and the glass industry. waorker
etal., 2012) Colonies located in the city center
0.40 + 0,24 Apis mellifera Serbia (Zaric er al., 2018) Industrial area (presence of two thermal power plants) forager
0.28 £ 0.16 Apis mellifera Serbia (Zaric et al., 2018) Urban area forager
0.206 + 0.089 Apis mellifera Serbia (Zaric et al., 2018) Petrochemical indusory forager
0,19 +0.13 Apis mellifera Serbia (Zaric et al., 2018) Suburban area forager
0.027 + 0.053 Apis mellifera Italy (Giglio et al., 2017) Urban area forager
0.050 + 0.018 Apis mellifera Italy (Giglio et al., 2017) Urban area forager
0.195 + 0.036 Apis mellifera Serbia (Zaric et al., 2018) The rural area bordering protected area forager
Ba (ug/g) 5.83 = 6.5 (0.72-55.9) Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecological corridor forager
angustula
3.21 £ 0.50° Apis mellifera Serbia (Zari¢ er al., 2017) Urban area with significant agriculture activity forager
1.16 + 0.72% Apis mellifera Serbia (Zaric et al., 2017) Urban area with significant agriculture activity forager
1.86 £ 0.33" Apis mellifera Serbia (Zaric et al., 2017) The highest level in urban area forager
0.46 +0.11" Apis mellifera Serbia (Zari¢ et al., 2017) The lowest level in urban area forager
Cd (ng/g) 147 £11.24 Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecological corridor forager
{4.11-92.3) angustula
0.45 7.66 Apis mellifera Turkey (Silici et al., 2016) Industrial area (near power plants) forager
100,170 Apis mellifera Poland (Roman, 2005) Industrial area forager
80,195 Apis mellifera Italy (Costa et al, 2019) Urban area forager
140,160 Apis mellifera Poland (Roman, 2005) Agricultural-forest region forager
28,704,230 Apis mellifera Italy (Costa et al., 2019) Areas in city center or near highway warker
50,750 Apis mellifera Netherlands- (van der Steen An urban area with cement industiy and glass industry. Colonies  worker
et al., 2012) located in city center
50,730 Apis mellifera Netherlands (van der Steen Pooled samples from agricultural, woods and urban areas waorker
et al., 2016)
265 + 31" Apis mellifera Serbia (Zaric et al., 2017) The highest level in urban area forager
57 +16° Apis mellifera Serbia (Zari¢ et al.. 2017) The lowest level in urban area forager
312 £ 167 Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activity forager
86 +62° Apis mellifera Serbia (Zaric =t al., 2017) An urban area with significant agriculture activity forager
< 1.0 Osmia rufa Poland- (Moron et al., 2014) Urban area adult
female
< 1.0 Dsmia rufa United Kingdom (Maron Urban area adult
et al., 2014) female
Cr (ng/g) 89.56 +94.14 Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecaological corridor forager
(5.38-488.5) angustula
3.88 10.7 Apis mellifera Turkey (Silici er al,, 2018) Industrial area (near power plants) (values refer to the minimum  forager
and maximum mean values from 10 sampled areas)
116.00- 520 Apis mellifera Italy (Costa et al,, 2019) Areas in city center or near highway worker
160-230 Apis mellifera Poland (Roman, 2005) Industrial area forager
120,180 Apis mellifera Poland (Roman, 2005) Agricultural-forest region forager
190-1420 Apis mellifera Netherlands- (van der Steen Pooled samples from agricultural, woods and urban areas worker
et al., 2016)
150,280 Apis mellifera Netherlands- (van der Steen Urban area with cement industry and glass industry. Colonies waorker
etal., 2012) located in city center
380 +100° Apis mellifera Serbia (Zaric et al., 2017) The highest level in urban area forager
52 4+ 36° Apis mellifera Serbia (Zaric et al., 2017) The lowest level in urban area forager
610 + 420° Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activity forager
90 + 40* Apis mellifera Serbia (Zari¢ et al., 2017) An urban area with significant agriculture activity forager
Cu (pg/g) 11.01 +5.13 Tetragonisca Brazil {current study) 5 km radius-landscapes within an ecological corrider forager
{2.97-31.83) angustula
5.94 10.4 Apis mellifera Turkey (Silici et al., 2018) Industrial area (near power plants) (values refer to the minimum forager
and maximum mean values from 10 sampled areas)
28.914 £ 0.071° Apis mellifera Serbia (Zaric et al., 2017) Urban area with significant agriculture activity forager
16.4 + 3.3° Apis mellifera Serbia (Zari¢ er al., 2017) Urban area with significant agriculture activity forager
a0 +29° Apis mellifera Serbia (Zaric et al., 2017) The highest level in urban area forager
15.6 £4.1° Apis mellifera Serbia (Zaric et al., 2017) The lowest level in urban area forager
11.6519.77 Apis mellifera waorker
(continued on next page)
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Chemical Arithmetic mean + 8D Bee species Country - Study Sampling sites Sample
element {min-max) type
Netherlands- (van der Steen An urban area with cement industry and the glass industry.
et al., 2012) Colonies located in the city center
12.87 20.84 Osmia bicornis Poland (Filipiak, 2019) Experimental garden adult
female
9.59 17.92 Osmia bicornis Poland (Filipiak. 2019) Experimental garden adult
male
Fe (ug/g) 52.97 +34.15 Tetragonisca Brazil {current study) 5 km radius-landscapes within an ecological corrider forager
(14.3-186.5) angustula
49.2 102 Apis mellifera Turkey (Silici et al., 2016) Industrial area (near power plants) (values refer to the minimum forager
and maximum mean values from 10 sampled areas)
174 £17* Apis mellifera Serbia (Zari¢ et al., 2017) The highest level in urban area forager
90 + 15° Apis mellifera Serbia (Zaric et al., 2017) The lowest level in urban area forager
211 +£11* Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activity forager
114 £ 497 Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activity forager
96.18119.82 Osmia bicornis Poland (Filipiak, 2019) Experimental garden adult
female
Hg (ng/g) 43.6 =84.33 Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecological corridor forager
(0.022-427.02) angustula
forager
45 + 40 Apis mellifera Serbia (Zari¢ et al., 2018) Industrial area (presence of two thermal power plants) forager
70 + 32 Apis mellifera Serbia (Zaric et al., 2018) Urban area forager
118 £ 74 Apis mellifera Serbia (Zaric et al., 2018) Near to petrochemical industory forager
115 + 80 Apis mellifera Serbia (Zari¢ et al., 2018) Suburban area forager
26+ 36 Apis mellifera Serbia (Zari¢ et al., 2018) The rural area bordering protected area forager
Ni (ng/g) 529.2 +£772.3 Tetragonisca Brazil {current study) 5 km radius-landscapes within an ecalogical corrider forager
(9.73-5542) angustula
12.8 310 Apis mellifera Turkey (Silici et al., 2016) Industrial area (near power plants) (values refer to the minimum  forager
and maximum mean values from 10 sampled areas)
2,481,396 Apis mellifera Ttaly (Costa et al., 2019) Urban area forager
270.420 Apis mellifera Poland (Roman, 2005) Agrieultural-forest region forager
360,910 Apis mellifera Poland (Roman, 2005) Industrial area forager
1030 + 2207 Apis mellifera Serbia (Zari¢ et al., 2017) The highest level in urban area forager
235 + 607 Apig mellifera Serbia (Zari¢ ¢t al., 2017) The lowest level in urban area forager
1030 + 2227 Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activiry forager
210 £110° Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activiry forager
190,470 Apis mellifera Netherlands (van der Steen An urban area with cement industry and glass industry, Colonies  waorker
et al., 2012) located in city center
Pb (ng/g) 113.32 + 85.77 Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecaological corridor forager
(24.87-599.09) angustula
1,201,670 Apis mellifera Netherlands- (van der Steen An urban area with cement industry and the glass industry. waorker
et al.,, 2012) Colonies located in the city center
4.01 241 Apis mellifera Turkey (Silici et al.. 2016) Industrial area (near power plants) (values refer to the minimum  forager
and maximum mean values from 10 sampled areas)
61.00 125 Apis mellifera Italy (Conti and Botré, 2001)  Areas in city center ar near highway waorker
< 1.0 Osmia rufa Poland- (Moron et al., 2014) Urban area adult
female
= 1.0 Osmia rufa United Kingdom (Moron Urban area adult
et al., 2014) female
Sb (ng/g) 4,78 £ 4,76 (0.74 31.66)  Tetragonisca Brazil (current study) 5 km radius-landscapes within an ecological corrider forager
angustula
52+19 Apis mellifera Serbia (Zari¢ et al., 2018) Urban area forager
25110 Apis mellifera Serbia (Zaric et al., 2018) Petrochemical industry forager
16 + 10 Apis mellifera Serbia (Zaric et al., 2018) Suburban area forager
21924 Apis mellifera Serbia (Zari¢ et al., 2018) The rural area bordering protected area forager
206 £ 3.6 Apis mellifera Serbia (Zaric et al., 2018) Industrial area (presence of two thermal power plants) forager
Zn (ug/g) 7518 +94.35 Temragonisca Brazil (current study) 5 km radius-landscapes within an ecological corridor forager
(34.68-996.03) angustula
8.56 16.6 Apis mellifera Turkey (Silici et al., 2016) Industrial area (near power plants) (values refer to the minimum forager
and maximum mean values from 10 sampled areas)
61.14 100.64 Apis mellifera Netherlands- (van der Steen An urban area with cement industry and glass industry. Colonies  worker
eral., 2012) located in city center
56.60 170 Apis mellifera Netherlands- (van der Steen Pooled samples from agriculrural, woods and urban areas worker
et al., 2016)
151.1 + 1.5" Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activity forager
102 + 46" Apis mellifera Serbia (Zaric et al., 2017) An urban area with significant agriculture activiry forager
143 +18° Apis mellifera Serbia (Zari¢ et al., 2017) The highest level in urban area forager
74 +£13° Apis mellifera Serbia (Zari¢ et al., 2017) The lowest level in urban area forager
59,100 Apis mellifera Finland (Fakhimzadeh and Industrial area (values refer to the minimum and maximum forager
Lodenius, 2000) mean values from 4 sampled areas)
6181 Apis mellifera Finland (Fakhimzadeh and Urban area (values refer to the minimum and maximum mean forager
Lodenius, 2000) values from 4 sampled areas)
52.576.2 Apis mellifera Czechoslovakia (Leita et al., Colonies located 50 m from the extra urban crossroad forager
1996)
153.34 204.4 Apis mellifera Czechoslovakia (Veleminsky Industrial area forager

et al., 1990)

(continued on next page)
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Table 4 (continued )
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Chemical Arithmetic mean + 8D Bee species Country - Study Sampling sites Sample
element {min-max) type
88.0 £ 3.3 Osmia rufa Poland- (Moron et al., 2014) The lowest level found in urban area adult

female
113.0 + 4.8 Osmia rufa Poland- (Moron et al., 2014) The highest level found in urban area adult

female
55.9 £ 4.0 Osmia rufa United Kingdom (Moron The lowest level found in urban area adult

et al., 2014) female
103.0 + 3.1 Osmia rufa Unired Kingdom (Moron The highest level found in urban area adult

et al., 2014) female
158,31 235.08 Osmia bicornis Poland (Filipiak, 2019) Experimental garden adult

female

# Note: of dry weight samples. SD, standard deviation. min, minimum concentration found. max, maximum concentration found.
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