Environ Monit Assess (2021) 193:35
https://doi.org/10.1007/s10661-020-08804-2

®

Check for
updates

Bird feathers are potential biomonitors for airborne

elemental carbon

Claire Pitre - Alexandra G. Ponette-Gonzalez® -
Jenna E. Rindy - Anna Lee + Dornith Doherty -
Matthew Fry - Jeff A. Johnson

Received: 5 July 2020 / Accepted: 10 December 2020

© The Author(s), under exclusive licence to Springer Nature Switzerland AG part of Springer Nature 2021

Abstract Birds can serve as effective biomonitors of air
pollution, yet few studies have quantified external par-
ticulate matter accumulation on bird feathers. Biomon-
itoring of airborne elemental carbon (EC) is of critical
significance because EC is a component of particulate
matter with adverse effects on air quality and human
health. To assess their effectiveness for use in EC mon-
itoring, we compared EC accumulation on bird feathers
at two sites that differed in vehicular traffic volume in an
urban environment within the Dallas-Fort Worth Met-
ropolitan Area, USA. Moulted flight feathers from
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domestic chickens were experimentally exposed to am-
bient EC pollution for 5 days in two urban microenvi-
ronments 1.5 km distant from each other that differed in
traffic volume—adjacent to an interstate highway and a
university campus bus stop. Feathers near the highway
accumulated approximately eight times more EC (307 +
34 ugm > day '), on average, than feathers near the bus
stop (40 +9 ugm > day ). These findings indicate that
EC accumulation on feathers varies over short distances
within urban areas and that bird feathers potentially can
be used for biomonitoring airborne EC.
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Introduction

Birds are ubiquitous and, in some cases, valuable
biomonitors of environmental pollution (Jaspers et al.
2019; Pollack et al. 2017; Wolterbeek 2002). Bird
feathers, specifically, have been widely used to track
bioaccumulation of pollutants in rural, urban, agricul-
tural, and industrial environments (Cai and Calisi 2016;
Carneiro et al. 2016; Jaspers et al. 2009; Schulwitz et al.
2015), in part because feathers can often be sampled
non-destructively (Jaspers et al. 2007; Movalli et al.
2017). Many of these studies focus on the bioaccumu-
lation of heavy metals (e.g., mercury, lead) or organic
pollutants due to their toxicity to humans and birds (e.g.,
Cai and Calisi 2016; Eulaers et al. 2011; Gasparini et al.
2014; Sun et al. 2019).

Comparatively few studies investigate the external
accumulation of airborne particulate matter on bird
feathers, with most, if not all, focused on removing
external contaminants to improve the accuracy of inter-
nal pollutant concentration estimates (e.g., Borghesi
et al. 2016; Cardiel et al. 2011). Nevertheless, feather
washing experiments and imaging show that non-trivial
amounts of particulates can accumulate on feather vanes
and, to a lesser extent, on the shafts (Dauwe et al. 2003;
DuBay and Fuldner 2017). Furthermore, some airborne
particulate elements, such as iron and aluminum, are
preferentially retained on feather surfaces (Borghesi
et al. 2016; Howell et al. 2017). These findings suggest
that bird feathers could serve as an effective tool for
biomonitoring particulate matter air pollution.

Elemental carbon (EC) is a component of particulate
matter that is emitted directly into the atmosphere from
fossil fuel combustion and biomass burning. Elemental
carbon exhibits spatially heterogeneous concentrations
in (Apte et al. 2017; Caubel et al. 2019) and among
urban atmospheres (Barrett et al. 2019), where it de-
grades air quality and is harmful to human health
(Janssen et al. 2012; Jia et al. 2020). Utilizing bird
feathers as biomonitors of atmospheric EC could im-
prove current understanding of spatial variability in
urban particulate matter air pollution and its implica-
tions for environmental and human health.

@ Springer

We conducted a pilot study to quantify differences in
EC accumulated on feather surfaces in two microenvi-
ronments within the City of Denton, Texas, located in
the Dallas-Fort Worth Metropolitan Area, USA. Moni-
toring conducted by the Chemical Speciation
Network (CSN 2020) indicates that average annual at-
mospheric EC concentrations in the City of Dallas
(65 km southeast of Denton) are well above background
levels (2018 mean EC = 0.52 ug cm_3; max EC =
1.84 ug cm ). We evaluated if feathers could capture
differences in EC pollution at two urban sites separated
by just 1.5 km and with different traffic volumes and
therefore expected potential exposure to particulate mat-
ter and EC levels in their immediate locations (e.g., Luce
et al. 2020). We expected to find higher EC accumula-
tion on feathers at the site with higher traffic volume.

Materials and methods
Sample collection and preparation

A total of 59 naturally moulted (i.e., not plucked) chick-
en (Gallus gallus domesticus) feathers were obtained
from two commercial farms (z = 29 and n = 30) in the
USA to obtain adequate sample sizes. We selected
primary feathers (i.e., flight feathers) to limit potential
variation in EC accumulation resulting from differences
in feather type (e.g., Peterson et al. 2019) and to enable
comparison among individuals (Martinez et al. 2012).
Upon receipt, feathers were stored at room temperature
in a dust-free glovebox to prevent any further contami-
nation until sample preparation.

All glassware was soaked for 24 h in 10% nitric acid
and baked in a muftle furnace at 450 °C for 5 h prior to
feather washing. Feathers were thoroughly washed prior
to experimental exposure to remove any adhered parti-
cles on their surface using a two-step process similar to
that of Dauwe et al. (2003). The first step of the washing
process consisted of removing externally deposited sur-
face particles by sonicating each feather individually in
300 ml of double-deionized (DDI) water for 5 min, and
then rotating the feather vertically and sonicating for an
additional 5 min. Subsequently, each feather was rinsed
three times on each side with acetone to remove parti-
cles remaining after sonication. The acetone rinsate was
added to the DDI rinsate for a total sample of ~ 330 ml.
We added 4.5 g of salt (1.5 g (NH4)H,PO,4 per 100 ml
DDI) to each sample and then sonicated the sample for
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10 min to increase EC recovery (Torres et al. 2014).
Samples were transferred to glass bottles and refrigerat-
ed overnight.

After each individual feather was washed, glassware
was thoroughly rinsed with DDI, and metal forceps and
spatulas were cleaned with acetone. Feathers were
placed in the glovebox to dry at room temperature. We
then measured the length and width of each feather
before photographing. The surface area of both sides
of each feather was calculated using the open-source
software ImageJ (Rasband and Ferreira 2011), with
feather surface area equal to the average of both
measurements.

Experimental exposure to ambient atmospheric EC

A total of 29 or 30 feathers were attached to plastic mesh
screens mounted on two identical ~ 90 x 90 cm frames,
with each feather spaced 15 cm apart (Fig. 1). The
screens were washed with deionized water prior to
attaching the feathers. Each feather was positioned ver-
tically on the screens and tied to the mesh at two points
along the feather shaft using cotton sewing thread.
Feathers were secured to the mesh screen in rows of
six feathers each, with 15 cm between each row. Given
that we obtained feathers from two different sources, we

500

attached the feathers to each screen by alternating the
sequence of feathers by their source. Screens were then
wrapped and secured in new plastic immediately after
feathers were attached to prevent contamination before
deployment.

The frames were installed 60 cm above the ground on
13 February 2019 at two sites in the City of Denton,
Texas, differing in average annual daily traffic (AADT;
NCTCOG 2020). The frame with 29 feathers was ~ 30
m from Interstate [-35E (2018 AADT = 82,287, speed
limit = 105 km h_l), and the frame with 30 feathers was
located ~ 10 m from a bus stop on the University of
North Texas main campus (2014 AADT = 2,584, speed
limit = 30 km h™!). The frames were installed with the
feathers facing oncoming traffic. Feathers were exposed
to ambient conditions for five consecutive dry days.
After the fifth day of exposure, screens were removed
and covered in plastic for transport to the lab for feather
EC extraction and analysis.

Sample extraction and analysis

The same two-step washing method used prior to expo-
sure was used to extract EC particles from feathers after
exposure. However, instead of processing each feather
individually, two adjacent feathers (i.e., from different
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Fig.1 Left: Elemental carbon accumulation (g m > feather day ') on chicken feathers at a university bus stop and highway site. Each point
represents a pooled sample of two feathers. Right: Frame with chicken feathers mounted at a university bus stop in Denton, TX, USA
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sources) were pooled into one sample, for a total of 15
samples from each frame. This approach was used to (1)
eliminate potential bias due to feathers originating from
two sources, and (2) ensure that EC levels would be
above instrument detection limit (0.2 pg per cm® of
filter). Following extraction, samples were filtered
through an Advantec 13-mm filter funnel into a Buchner
flask over a 1.3 cm?” punch of Pall quartz-fiber filter (Pall
Corp., Washington, NY) and subsequently left to dry in
a desiccator for 24 h. Filters were then analyzed on a
Sunset OC/EC Aerosol Analyzer to determine the EC
mass on each filter. For quality assurance and quality
control, one oven blank was used to ensure a clean
instrument at the beginning of each sample analysis
day. Additionally, two sucrose spikes (35.16 pg carbon)
were analyzed after every 10 feather samples.

Statistical analysis

Because external EC accumulation is a time-dependent
process and varies with feather size, EC mass was
divided by the surface area (cm?) of each feather and
by the number of days exposed (n = 5) to calculate the
quantity of EC accumulated on feathers per unit surface
area per day for each location (Rindy et al. 2019). The
data were tested for normality using a Shapiro-Wilk test.
The data were normally distributed, and therefore, we
used a two-sample ¢ test to test for mean differences in
EC accumulation between the two sites using
JMP. v14 software (SAS Institute Inc.). Significance
was set at p < 0.05. Data are reported in ug m 2 day '
and values reported in the Results section are means +
SE.

Results

In total, 27 of the 30 samples (90%) accumulated EC at
levels above instrument detection limit. The three sam-
ples measuring below detection limit were all from the
bus stop site. Mean EC accumulation on feathers at the
highway site (307 + 34 g m 2 day ') was nearly eight
times higher than at the bus stop site (40 £9 ugm >d " ';
p <0.0001; Fig. 1). Feathers at the bus stop site exhib-
ited EC accumulations ranging from ~ 1 to 100 pg m >
day ' whereas feathers at the highway site showed a
much broader range of values (86475 pg m > day )
with the majority (80%) of highway accumulation
values greater than 200 pg m > day .
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Discussion

Our findings show that EC accumulation on bird
feathers can vary dramatically by location in urban
environments. It is well established that atmospheric
EC concentrations decrease exponentially with distance
from major highways (Apte et al. 2017), with EC con-
centrations generally highest within the first 50 m (Zhu
et al. 2002). Thus, we were not surprised to find that
feathers exposed ~ 30 m from the highway accumulated
significantly more EC compared to feathers exposed
near the bus stop. Moreover, the two sites differed ~
30-fold in vehicular traffic volume. We know of only
one other study that has quantified EC on bird feathers.
Using photometric reflectance data from > 1,300 bird
specimens, Dubay and Fuldner (2017) showed that EC
on the plumage of museum specimens was positively
correlated with black carbon emissions in the USA
during the first half of the twentieth century. Although
the photometric reflectance data are not directly compa-
rable to this study’s EC measurements, the correlation
supports our hypothesis that feather surface EC accu-
mulation can reflect differences in potential local expo-
sure concentrations. Taken together, these studies sug-
gest that atmospheric EC concentrations were important
in driving the difference in feather EC accumulation
between the two urban study sites.

Recent research investigating how vegetation accu-
mulates EC on leaf surfaces in the same study area
indicates that bird feathers accumulate considerably less
EC than live oak (Quercus virginiana) leaves (Rindy
et al. 2019). While live oak leaves were not sampled at
the highway site, feathers accumulated 12-fold less EC
compared to leaves sampled at the same bus stop site
and during the same month. Despite the caveat of lim-
ited sampling, this difference in substrate type raises an
interesting question: why might leaves accumulate more
EC than feathers? Although addressing this question
was outside the scope of this pilot research, it is worth
noting that EC was extracted from leaf and feather
surfaces using different washing protocols. To remove
surface-deposited (“on-surface”) EC, the leaves were
rinsed with 250 ml of DDI water and then sonicated
for 15 min whereas the feathers were sonicated for
10 min and subsequently rinsed with acetone. Unlike
the protocol for leaves, standardized procedures for
removing particulate matter and many other pollutants
from feathers are not well established (Jaspers et al.
2019). Indeed, washing protocols have been found to
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vary in their effectiveness in removing externally de-
posited particles from bird feathers (Borghesi et al.
2016). Additional development and assessment of
methods for removing externally accumulated EC par-
ticles from feather surfaces are needed. In sum, this
research highlights the potential for considerable site
and organismal-level differences in EC accumulation,
warranting further research to identify the important
factors that may influence those differences.

Future research

According to Wolterbeek (2002), biomonitors of trace
elements in atmospheric particles and deposition should
concentrate the element of interest and reflect ambient
conditions. Thus, based on our findings, we contend that
bird feathers can represent a potential tool for biomon-
itoring airborne EC particles. After only 5 days, EC on
90% of feather samples each consisting of two flight
feathers was above minimum detection limit, and aver-
age accumulation rates reflected major differences in
vehicular traffic volume between the two microenviron-
ments. While our results show an 8-fold difference
between sites, more accurate estimates of EC accumu-
lation on bird feathers using a similar pre-post experi-
mental design will require quantification of background
EC on a subset of feathers after the initial washing
procedure. Similar to biomonitoring of internally accu-
mulated contaminants (Jaspers et al. 2019), several ad-
ditional factors also merit further investigation to better
understand the potential variability in external accumu-
lation of particles and other contaminants that may exist
among bird feathers.

First, feather type (e.g., flight, contour, or down) has
been shown to affect bioaccumulation levels of mercury
and other pollutants (e.g., Bortolotti 2010; Jaspers et al.
2009; Peterson et al. 2019) and presumably affects
external particulate matter accumulation as well. Similar
to tree leaves (e.g., Muhammad et al. 2019), feather
types exhibit differences in structural properties (e.g.,
size, shape, roughness) that likely influence accumula-
tion of externally deposited particles. In primary
feathers, for example, the presence and quantity of bar-
bules and hooklets along feather barbs could potentially
increase external EC accumulation compared to other
types of feathers due to increased surface area and
adherence properties. Feather position on the bird’s
body can also affect exposure to airborne particles.
Greater exposure generally leads to higher rates of

atmospheric dry particle deposition in plant canopies
(Griffith et al. 2015), a pattern we might also expect in
feathers with respect to their position and location on the
bird’s body. Previous studies have also indicated that
preening and the presence of preen oil specifically may
increase external particle contamination (Jaspers et al.
2011). In this study, it is possible that the acetone rinse
used to wash feathers prior to exposure may have re-
moved preen oil from feathers (see Jaspers et al. 2011),
resulting in decreased EC particle accumulation upon
exposure to ambient conditions. Future research should
consider the role of preening and preen oil on external
EC accumulation. Improved understanding of variation
in EC accumulation among feather types and their loca-
tion on the body is therefore important for guiding
feather sampling and processing, and interpretation of
results (Peterson et al. 2019).

Second, determination of feather age is critical for
accurate estimates of external particulate matter accu-
mulation on bird feathers. In the case of pollutants that
are transferred to feathers via the bloodstream during
feather growth, pollutant deposition ceases when the
feather stops growing. In contrast, feathers may behave
like leaf surfaces with respect to external accumulation
of particles (Cai et al. 2017). In this case, feathers would
externally accumulate particles with increasing expo-
sure to the atmosphere even after feather growth has
ceased, at least up to a point where feathers reach a
dynamic equilibrium, and no additional particles are
deposited. For many wild bird species, determination
of exact feather age remains a challenge (Bortolotti
2010), although plumage characteristics may be used
to distinguish feather age class in reference to well-
characterized molt cycle patterns (e.g., Flinks and
Salewski 2012). In the latter case, particulate matter
accumulation could be quantified in relative terms by
examining the ratio of accumulation in old to young
feathers.

Finally, future research should investigate the extent
to which EC accumulation on feathers reflects environ-
mental variations in atmospheric pollutant emissions or
concentrations due to site-specific factors such as topog-
raphy and meteorology (e.g., humidity, rainfall). Co-
located sampling of atmospheric concentrations and
accumulation (e.g., see Gillooly et al. 2019) could be
used to this end. It also will be important to collect data
on movement patterns of sampled birds using technolo-
gy such as archival GPS tags (Maynard and Ronconi
2018; Rose et al. 2006) to investigate how changes in
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location and hence exposure to particulate matter may
vary among individuals and bird species depending on
their foraging activities.

We conclude from this pilot research that bird
feathers can represent a potentially promising tool for
biomonitoring airborne EC. Additional research is need-
ed to assess how EC accumulation varies by feather
type, feather age, and with atmospheric concentrations,
among other factors (e.g., bird movement or species).
Investigation of these factors is necessary to determine
the suitability of feathers as biomonitors, especially in
urban environments where airborne EC and other par-
ticulate matter pollution is a growing problem. Explora-
tion and development of this technique could potentially
lead to better understanding of spatial variability in
airborne EC across urban environments.
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