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Abstract Genetic tagging, the unique identification
of individuals by their DNA profile, has proven to be an
effective method for research on several animal species.
In this study we apply non-invasive genetic tagging from
feather samples to reveal the genetic structure and estimate
local population size of red-and-green macaws (Ara chlo-
ropterus) without the need to capture these animals. The
study was centered in the Tambopata region of the Peru-
vian Amazon. Here macaws frequently visit clay licks and
their naturally molted feathers provide a unique source of
non-invasively sampled DNA. We analyzed 249 feathers
using nine microsatellite loci and identified 221 unique
genotypes. The remainder revealed 21 individuals which
were ‘recaptured’ one or more times. Using a capture-
mark-recapture model the average number of different indi-
viduals visiting clay licks within one breeding season was
estimated to fall between 84 and 316 individuals per clay
lick. Analysis of population genetic structure revealed only
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small genetic differences among regions and clay licks,
suggesting a single red-and-green macaw genetic popula-
tion. Our study confirms the utility of non-invasive genetic
tagging in harsh tropical environment to obtain crucial pop-
ulation parameters about an abundant parrot species that is
very difficult to capture in the wild.
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Introduction

A high proportion of the 398 extant species of parrots (28%)
are classified as threatened (IUCN 2014). The major threats
faced by these birds include habitat destruction and frag-
mentation, poaching, and invasive alien species (Olah et al.
2016a; Owens and Bennett 2000; Pires 2012). Most parrots
are forest dependent secondary cavity nesters, hence forest
destruction decreases the availability of nesting sites and
therefore reproductive success, and it can also lead to the loss
of key food resources (Brightsmith 2005; Forshaw 2011).
Stochastic factors in small and fragmented parrot popula-
tions can also cause extreme population decline, for exam-
ple a hurricane caused significant reduction of the critically
endangered Puerto Rican parrot, Amazona vittata (Wunderle
1999). Small populations may also suffer loss of genetic
diversity and inbreeding depression. The reduced viabil-
ity of such small populations in the face of environmental
changes could consequently drive them towards extinction
(Frankham et al. 2004). These processes were identified
in the last population of Spix’s macaw, Cyanopsitta spixii,
which is now extinct in the wild (Caparroz et al. 2001).

The first step towards the conservation of any species in
the wild is the acquisition of information about its biology.
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For example, knowledge of a species’ home range, popula-
tion size, and dispersal patterns can be crucial for manage-
ment. Tracking individual birds by satellite telemetry tags is
often used to obtain information about their home range, but
this technique is still limited by the number of birds that can
be tagged affordably and remains most feasible for larger
species (Groom et al. 2015; Limifiana et al. 2015; Webster
et al. 2002; but see Bridge et al. 2011). Traditional methods
for population size estimates require individual ‘tagging’ of
the animals for capture-mark-recapture (CMR) methods. In
populations of birds this is normally achieved by capturing
individuals and tagging them with leg bands, but capture/
recapture of the required number of individuals for a robust
population size estimate is far from straight forward for
many avian, amphibian, and fish monitoring studies (Pol-
lock et al. 2002; White and Burnham 1999). Dispersal pat-
terns hold important information about the study species
but they often remain undetected without genetic tools, for
example as calculated by isolation-by-distance and related
methods to infer the extent of dispersal (Prugnolle and de
Meeus 2002; Smith et al. 2016; Wright et al. 2005).

Genetic tagging, the unique identification of individu-
als by their DNA profile, has proven to be a highly effec-
tive method in molecular ecology, offering a powerful tool
for ‘tagging’ whales (Palsboll et al. 1997), fishes (Andreou
et al. 2012; Sekino et al. 2005), amphibians (Ringler et al.
2015), seals (Hoffman et al. 2006), bears (Woods et al.
1999), and small mammals (Peakall et al. 2006; Ruibal
et al. 2010). DNA can now be sourced non-invasively even
from footprints, as it was shown for an arctic fox (Dalén
et al. 2007). In populations of birds, non-invasive sam-
pling of feathers is a potential source of avian DNA (Bush
et al. 2011; Horvéath et al. 2005). Naturally shed feathers of
eagles have been used to identify and monitor adult birds
individually (Bulut et al. 2016; Rudnick et al. 2005). Other
studies using feathers of a large grouse species, Tetrao uro-
gallus have demonstrated the value of genetic tagging for
estimating local population size (Jacob et al. 2009; Mollet
et al. 2015; Moran-Luis et al. 2014; Rudnick et al. 2008;
Segelbacher 2002). Taking advantage of the new high
throughput sequencing techniques, feathers and blood
samples have been used from Wilson’s warbler, Cardel-
lina pusilla to monitor its migration patterns by SNP data
(Ruegg et al. 2014). However, similar techniques have not
been used to estimate population size or other demographic
parameters in parrots.

Here we use non-invasive genetic tagging in combina-
tion with mark-recapture modeling to infer demographic
information for the red-and-green macaw, Ara chlorop-
terus. In the Peruvian Amazon, where our study was based,
these birds are abundant and visit so called clay licks (or
colpas) to consume soils rich in sodium (Brightsmith 2004;
Powell et al. 2009). However, it is not known if these clay
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licks act as ‘magnets’, in effect drawing in birds from vast
areas, or whether they simply facilitate feeding aggrega-
tions of local populations. Hundreds of naturally dropped
feathers are left behind at clay licks, offering excellent
opportunities to obtain non-invasive DNA samples (Geb-
hardt et al. 2009). In turn, genetic tagging from these sam-
ples potentially allows one to obtain species-specific infor-
mation on clay lick use by individuals and populations that
are not easily captured in large numbers.

In this paper we use more than 200 genetic samples col-
lected from feathers at clay licks to (1) test for genetic dif-
ferentiation and possible isolation-by-distance among birds
using different clay licks; (2) compare the proportions of
males and females using the clay licks over time and possi-
ble relatedness among groups; (3) use non-invasive genetic
tagging to gain information about the local movements of
the macaws; and (4) estimate the number of birds visiting
these clay licks.

Methods
Target species and study sites

The red-and-green macaw has a large range over South
America from southern Panama to southeastern Paraguay.
They mainly reside in subtropical and tropical moist low-
land and montane rainforest from sea level to 1000 m (For-
shaw 2011) and nest in hollows of emergent trees (Bright-
smith 2005; Renton and Brightsmith 2009).

Our study area was situated in lowland rainforest of the
southeastern Peruvian Amazon that receives an average
annual rainfall of 3200 mm (Brightsmith 2004). Our study
area was distributed in both protected (Tambopata National
Reserve, Bahuaja-Sonene National Park, Los Amigos Con-
servation Concession) and unprotected areas (Rio Madre
de Dios, Rio Las Piedras; Fig. 1). The areas with highest
human populations in the region include Puerto Maldonado
and other settlements along the Inter-oceanic highway
(Baraloto et al. 2015; Conover 2003).

Sample collection

Our study area falls within the region of South America
with the highest known number of clay licks that are regu-
larly used by animals (Lee et al. 2010), offering an oppor-
tunity to sample molted feathers non-invasively and repeat-
edly. Furthermore, many aspects of clay lick ecology have
been already studied in Tambopata including the distribu-
tion of clay licks (Lee et al. 2010), parrot behavior at clay
licks (Brightsmith and Villalobos 2011; Burger and Goch-
feld 2003), clay lick preference (Powell et al. 2009), soil
characteristics (Brightsmith and Aramburd Mufioz-Najar
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Fig.1 Sampling locations of molted red-and-green macaw (Ara
chloropterus) feathers at seven clay licks in southeastern Peru

2004; Brightsmith et al. 2008), and the effect of climate on
geophagy (the intentional consumption of soil; Brightsmith
2004). However, we know very little about population
sizes, sex ratio, and parrot density around clay licks.

In this study we collected a total of 249 molted contour
and flight feathers from seven major clay licks (Fig. 1) that
we visited systematically (every 2—4 weeks) during each
breeding (rainy) season (November—April) between 2009
and 2012. Prior to the first collection of each season we
cleared the feathers of unknown age from the clay licks in
order to be more confident of the date range when the feath-
ers were left behind during the collection season. Upon col-
lection, we stored samples individually in paper envelopes
in airtight boxes with silica gel to avoid further degradation
(Olah et al. 2016b). As 20 parrot species are found in the
study area, we provisionally identified the feathers from our
target species in the field by shape and color, and later the
species was confirmed by genetic techniques in the lab (for
more details see Olah et al. 2016b).

Genotyping for individual identification

For DNA extraction from feathers we used the Qiagen
DNeasy Blood and Tissue kit (QIAGEN, California) fol-
lowing manufacturer instructions with modifications (Geb-
hardt et al. 2009). Based on the full genome of scarlet

macaw, Ara macao (Seabury et al. 2013) we previously
developed 30 highly variable di-nucleotide microsatel-
lite loci for the same species and also for red-and-green
macaws (Olah et al. 2015). We selected nine microsatel-
lite markers (SCMA 09, SCMA 14, SCMA 22, SCMA 26,
SCMA 30, SCMA 31, SCMA 32, SCMA 33, and SCMA
34) a priori out of our set of 30 markers, based on how
well they performed (usually shorter in bp size) on more
degraded DNA from feather samples (Olah et al. 2016b),
and then constructed full genotypes. M13 PCR tags were
attached to all forward primers and we amplified all loci
individually (for more details see Olah et al. 2016b). We
previously tested the nine markers for Hardy—Weinberg
Equilibrium (HWE), null alleles, and for amplification fail-
ures and genotyping error rates (Olah et al. 2016b, 2015).
The selected loci showed no indication of null alleles, 95%
amplification success and low error rates (2.7% on average
across all loci).

We also demonstrated the power of the nine loci used,
with the estimates of probability of identity. Only six of
these loci were required to recover unique genotypes in the
sampled red-and-green macaw population (Pl e, =0.003),
hence the probability of finding exact matches at nine loci
among different individuals was extremely low. Further-
more, all of the genotype matches were manually checked
locus by locus, as were all near genotype matches that dif-
fered at up to three loci. Finally, as a further check, we re-
amplified all samples with full genotype matches.

Genetic differentiation among clay licks
and isolation-by-distance

We used GenAlEx 6.502 (Peakall and Smouse 2006, 2012)
to perform the population genetic analyses, unless oth-
erwise stated. To test for genetic differentiation among
macaws using clay licks, we used the analysis of molecular
variance (AMOVA) framework, with all duplicated geno-
types excluded from this analysis. We defined seven ‘popu-
lations’ of samples a priori, corresponding to the seven
clay licks (Tavara, Colorado, Chuncho, Explorers, Posada,
Heath, and Piedras; Fig. 1), and pooled all samples from a
clay lick across the sampling intervals.

The AMOVA analysis provided estimates of overall and
pairwise population genetic differentiations (Fgr) (Wright
1965; Excoffier, Smouse & Quattro 1992; Peakall, Smouse
& Huff 1995), and their standardized [0,1] equivalents
(Meirmans 2006; Meirmans and Hedrick 2011; Peakall
and Smouse 2012). We performed tests for departure
from the null hypothesis of no genetic differentiation by
using 10,000 random permutations, and interpolated loci
with missing data within each population (Peakall and
Smouse 2006). We also tested isolation-by-distance across
the study site by using a Mantel test (Mantel 1967) with
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departure from the null hypothesis of no significant rela-
tionship between genetic and geographical distances tested
by 10,000 random permutations at the individual level
(Smouse and Long 1992; Smouse et al. 1986).

Sex ratios and relatedness of individuals at clay licks

Molecular sexing of samples was conducted using the P8_
SCMA_F/P2_SCMA_R primers, as part of the genotyping
runs (Olah et al. 2016b). A G-test was performed to com-
pare the proportion of males and females across clay licks
(Peakall and Smouse 2012).

It is possible that family groups may use the same clay
licks. Therefore, to test for this possibility we calculated r
pairwise relatedness estimates (Lynch and Ritland 1999)
for each pair of individuals and also the mean pairwise
relatedness for each clay lick with 95% confidence intervals
around the mean pairwise r values estimated via bootstrap-
ping (Beck et al. 2008). We also used random permutation
of the data set to generate a distribution for the null hypoth-
esis of no relatedness among individuals within groups
and to provide a test for significance. All bootstrapping
and permutation tests were performed 1,000 times. We
presented the means for the pairwise relatedness estimates
and included a control group of 20 individuals from seven
known family groups (nests), which were previously geno-
typed (Olah et al. 2015).

Genetic recaptures and population size estimates at clay
licks

In our dataset we treated each genotype as a ‘capture’ and
when an identical genotype was found we considered it a
‘recapture’. By definition, the minimum time between sam-
pling events was 14 days. If two sampling events at the
same clay lick occurred within this time frame we consid-
ered them as a single sampling event. We derived estimates
of population sizes at clay licks (the number of individuals
visiting the same clay lick) using two capture-mark-recap-
ture (CMR) modelling approaches. As genetic recaptures
occurred at various clay licks in different seasons, we used
subsets of our genetic data for best fitting the assumptions
of each model.

We used the program CAPWIRE (Miller et al. 2005)
that allows the use of multiple detections of individuals
within a single sampling session and accounts for heteroge-
neous feather molting patterns among individuals. This way
CAPWIRE was able to incorporate recapture events that
occurred in the same sampling session while also modeling
capture heterogeneity. We summarized each dataset into
the total number of observations made for each individual
over the sampling period (e.g., also used the total number
of feathers without recaptures) and these dataset were fitted
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using two model types. The (1) Two Innate Rates Models
(TIRMs) view populations as a mixture of two types of
individuals, the seldom caught type and the often caught
type. This model type is used to estimate the probability
that an individual belongs to a mixture and assigns individ-
uals to a type. In the (2) Equal Capture Probability Model
(ECM) all individuals are equally likely to be captured. A
likelihood ratio test (LRT) was used to determine the most
appropriate model and 95% confidence intervals about the
mean were estimated with 1000 bootstrap replicates. We
used CAPWIRE to estimate the number of birds using the
Posada and Explorers clay licks (pooled together as Lower
Tambopata complex because of their close proximity), and
the Chuncho clay lick, using pooled data over the whole
study period. These sites were selected to take advantage of
their high recapture events even within single sessions over
the whole study period. It has been shown by simulations
that population size estimates based on single-session sam-
pling (e.g., in CAPWIRE) are as reliable as other estimates
(e.g., MARK) based on multisession sampling (Petit and
Valiere 2006; Puechmaille and Petit 2007).

We also used conventional closed CMR models (null
M,, temporal M, behavioral M,, and heterogeneity M)
in the program MARK 8.0 (White and Burnham 1999).
Closed population models were selected a priori because
the fundamental assumptions of demographic (births and
deaths) and geographic (migration in or out) closure were
reasonable for this species. We only used this model to esti-
mate the population size at the Lower Tambopata complex,
as we found the highest number of recaptures here from dif-
ferent sessions but within a single closed period, providing
sufficient data for this analysis. Here we used data from one
breeding season (December 2010—April 2011) to avoid the
violation of the assumptions of closure. Deaths are likely to
be minimal during this interval in this long living species
(>50 years; Brouwer et al. 2000). Migration was assumed
to be negligible within the 5-month interval consistent with
observations that individuals are using the same areas for
nesting every year (D. J. Brightsmith, pers. obs.).

Results

Genetic differentiation among clay licks
and isolation-by-distance

Across all clay licks we found that the allele number ranged
from 9 to 17 per locus and the overall mean expected het-
erozygosity was 0.725. The observed heterozygosity val-
ues per clay lick ranged from 0.666 to 0.747 (Table 1).
The AMOVA test attributed 1% of the variation among
the seven clay licks (Fgr=0.006, Fgp=0.025, P=0.004).
This result indicates that there were small but statistically
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criterion (AIC). This model estimated the population size
of the Lower Tambopata complex (Posada+ Explorers) to
be 84 individuals (95% CI: 47-202 birds; Table 1). For the
same area CAPWIRE estimated 89 individuals (95% CI:
52-122 birds; Table 1). For the much larger Chuncho clay
lick the CAPWIRE program provided an estimate of 316
individuals (95% CI: 221-486 birds; Table 1).

Discussion

In this study we used 249 red-and-green macaw feather
genotypes collected over three years along more than
1000 km of riparian habitat in the Peruvian Amazon. Using
nine hypervariable microsatellite genetic markers we were
able to detect 21 duplicated genotypes in the landscape.
These genetic data provided novel information about the
clay lick use of the enigmatic red-and-green macaw. Below
we evaluate our findings, compare the outcomes with the
literature and conclude with consideration of the implica-
tions for conservation.

Genetic differentiation among clay licks
and isolation-by-distance

We found small but significant genetic differences among
the seven clay licks studied. This may indicate that red-and-
green macaws are not drawn completely randomly from
the population when supplementing their mineral intake at
clay licks. However, the AMOVA revealed only low genetic
differentiation (1%) over the whole study area. These find-
ings are broadly consistent with two other genetic studies
also based on microsatellite markers of macaws but with
much lower sample sizes. Marques (2010) reported genetic
diversity estimates of red-and-green macaw in Brazil
based on six microsatellite loci and 84 samples (H rang-
ing from 0.483 to 0.902), low genetic structure (AMOVA:
N=284, 1.6% among populations, @¢;=0.016, P=0.120)
with possibly high gene flow. Schmidt (2013) described
0.12% of genetic variation among core breeding sites of
scarlet macaw, Ara macao cyanoptera, in Guatemala up to
35 km apart (Fgr <0.009, P> 0.05). Our population genetic
results also indicated individual genotype level isolation-
by-distance across large geographical scales, which could
indicate some restriction on dispersal over this large scale
(>160 km), or high levels of philopatry for this species.

Sex ratios and relatedness of individuals at clay licks

Our results suggest an overall bias towards the detection of
males. Feathers were collected explicitly in the breeding
season of the macaws, when females incubate the eggs and
care for hatchlings, while males search for food (Nycander

et al. 1995). This might explain the overrepresentation of
males at clay licks during this period. Further support for
this is provided by the observation that at clay licks we
found twice as many genotype recaptures of males than
females (Fig. 3). We did not find higher than average relat-
edness among birds at clay licks (Fig. 2), which indicates
that family groups might visit several different clay licks.
This also supports the applicability of non-invasive genetic
sampling at clay licks, as it gives a good representation of
the whole population and not just groups of relatives.

Genetic recaptures by non-invasive genetic tagging

While the low number of recaptures might not be suffi-
cient for precise population size estimates, some interesting
results were nevertheless revealed from the data. The long-
est period between recaptures was 376 days, and the longest
distance was 30 km, with a mean distance of 4 km. Inter-
estingly, many of the matches occurred in the same sam-
pling event. This result could be due to the simple process
of multiple shedding of feathers at the same location and
time. Alternatively, as macaws in the tropics seem to shed
continuously over the year (D. J. Brightsmith, pers. obs.)
it more likely indicates that the same birds make multiple
visits to the clay lick during our 2—4-week sampling inter-
vals. At a nearby clay lick in the Manu Biosphere Reserve,
close-up photographs of red-and-green macaws were used
to identify them by the lines of red facial feathers and beak
shape (Munn 1992). Within a month period they found that
40-60% of the photos taken in different days showed same
individuals.

Our genotype data confirmed and refined previously
known or suspected aspects of red-and-green macaw nat-
ural history. For example, we confirmed that the macaws
re-used the same clay licks (e.g. Posada, Explorers, Chun-
cho, Tavara), sometimes even over long periods (e.g., 330
days at Tavara clay lick; Fig. 3). Red-and-green macaws
often reuse the same nests over many years (D. J. Bright-
smith, pers. obs.), so it was assumed that they would re-use
the nearby clay licks too. We repeatedly recovered feath-
ers from 20 red-and-green macaw individuals between the
same or nearby clay licks within a three km range (Posada
& Explorers) and once between clay licks 30 km apart
(Explores & Chuncho). The lack of longer-range recaptures
suggests that the macaws at clay licks are drawn from local
populations. Recaptures varied from within a month up to a
year (Fig. 3).

Population size estimates at clay licks
Estimating population size of species in remote areas can

be challenging. Capturing and later re-capturing or sight-
ing uniquely identified macaws in a large tropical landscape
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is a difficult task and has not been attempted for macaws
before. In our study we used individual genotypes of feath-
ers and samples with matching genotypes to test their
efficacy for CMR based population size estimates. We
acknowledge that these population estimates are for the
numbers of macaws visiting clay licks, which may not
equate to population size estimates. Furthermore, given the
very low recapture rate in our study, we only used CMR
models for two clay licks with the highest number of recap-
tures in our dataset.

The genetic CMR methods we used provide some of the
first estimates of the number of macaws using clay licks
over the breeding season. Our 1-month observational data
from the Chuncho clay lick with a maximum number of
109 red-and-green macaws observed in one event seems to
support the magnitude of our estimate. In general, our pop-
ulation estimates of the number of birds using a clay lick
are similar to those in Manu near Tambopata. Here photo-
graphic IDs over a month interval yielded estimates of the
total number of red-and-green macaws using that clay lick
falling between 241 and 282 individuals (Munn 1992).

Future recommendations for non-invasive genetic
tagging at clay licks

The amount of information gained from feather samples
seems remarkable given the tropical conditions and high
likelihood that DNA will degrade quickly. However, to
maximize the efficacy of genetic tagging we recommend
the following sampling strategy at clay licks: (a) a pilot
study should be conducted to determine the most reliable
locations for feathers; (b) the focus should be on only a few
sampling locations with the highest number of available
samples; (c) feathers should be collected on a regular basis
(e.g., every week); (d) detailed location of feathers on clay
licks should be recorded to be able to differentiate depos-
iting events of feathers with matching genotypes; (e) col-
lected feathers should be handled as recommended by Olah
et al. (2016b); and (f) a concentrated sampling effort at the
most frequently used clay licks is highly desirable in order
to improve population size estimates of the area.

Conclusion

Prior to this study we had limited insights into how red-
and-green macaws use the clay licks. Here we found no
evidence that red-and-green macaw communities at differ-
ent clay licks consisted of related individuals. The match-
ing genotypes detected show that individual macaws can
use multiple clay licks, and that macaw communities using
various clay licks can overlap in space. However, the loca-
tions of the genotype recaptures despite sampling over a

@ Springer

large study area were highly restricted, indicating that local
movements might occur more frequently. Our estimates of
the number of different individuals indicate that hundreds
but not thousands of macaws locally use clay licks, lead-
ing us to conclude that these communities probably rep-
resent feeding aggregations drawn from local populations.
Thus, with sufficient sampling this technique can be used
for population size estimates, especially for species and
locations where large number of non-invasive samples are
easily available. The distribution of parrot clay licks in
South America supports the hypothesis of geophagy due
to sodium deficient natural diet (Lee et al. 2010). Parrot
geophagy has also been reported in Central America (Val-
déz-Peiia et al. 2008), Africa (May 2001), and Papua New
Guinea (Symes et al. 2006). These sites may offer similar
sampling opportunities to our study, suggesting that the
same genetic tagging techniques could be used to study
clay lick use and population sizes of other species.
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