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Abstract
The ability to noninvasively detect the presence of species and assess physiological
health by DNA and hormone analysis makes scat a valuable tool for ecology and
conservation. We assessed factors associated with DNA and hormone degradation in a four-season study that employed detection dogs to collect scats from
maned wolf (Chrysocyon brachyurus) in the Brazilian Cerrado, a tropical savanna
landscape mosaic. Fecal DNA sample viability was assessed by attempting
polymerase chain reaction amplification of a mitochondrial DNA (mtDNA) locus
(~ 246 bp) and a nuclear DNA zinc finger protein gene (~ 195 bp). We assessed
how extraction method, environmental exposure, and amount of odor, moisture
and diet items in the sample influenced DNA amplification and allelic dropout
rates. Samples that amplified mtDNA were assayed for glucocorticoids and
thyroid hormone. Amount of odor and moisture (indicating freshness) predicted
mtDNA amplification success, as well as mean hormone levels. While factors
related to sample condition were negatively correlated with lower mean hormone
levels, samples comprised mainly of fruit had higher levels of glucocorticoids and
lower levels of thyroid hormone, and we thus interpret this result as biologically
meaningful. In summary, DNA and hormone degradation are predicted by measures of sample freshness, making the assessment of sample quality an important
criterion for sample collection as well to manage measurement error in analyses of
hormone concentration associated with environmental disturbance.

Introduction
The advent of improved efficiency in molecular methods
makes the use of noninvasively collected samples increasingly feasible for presence–absence, demographic, hybridization and physiological studies (Foran, Crooks & Minta,
1997; Wasser et al., 2004; Adams, Lucash & Waits, 2007;
Ball et al., 2007). Noninvasive genetic sampling has been
extremely useful for identifying species and individuals in an
area, evaluating distribution, determining sex ratio and estimating population size (Kohn et al., 1999; Bellemain et al.,
2005; Waits & Paetkau, 2005; Solberg et al., 2006), and fecal
hormone metabolites may be used to assess physiological
health and the disturbance response of populations (Creel
et al., 2002; Rolland et al., 2006; Gobush, Mutayoba &
Wasser, 2008). Scat is particularly enticing for studies of
species of conservation concern because it may be collected
noninvasively, without having to capture, handle or observe
animals. When scats are subject to DNA and/or hormone
extraction and analysis, however, poor sample quality can
increase measurement error, wasting laboratory costs on

extraction and amplification of degraded DNA or hormones. Degradation of hormones in samples is particularly
problematic since these are quantitative measures and thus
necessitate the removal of variation in hormone levels due to
degradation from that resulting from disturbance variables
of interest (e.g. noise, habitat degradation). Factors that
influence sample quality can be considered to minimize
effort collecting and analyzing samples unlikely to yield
high-quality DNA, as well as to account for variation due to
sample condition when analyzing sample hormone levels.
Variables influencing condition of samples in the field
have been shown to influence DNA amplification success
and include age of sample (Lucchini et al., 2002; Piggott,
2004; Santini et al., 2007), weather conditions (Farrell,
Roman & Sunquist, 2000; Lucchini et al., 2002; Piggott,
2004), diet (Murphy, Waits & Kendall, 2003; Maudet et al.,
2004) and intestinal slough rate, which may vary among
species and within species as diets vary by individual or
season (Farrell et al., 2000; Maudet et al., 2004). These
studies have suggested that success rates will be highest
when samples are as fresh as possible and climatic condi-
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tions are either dry (Farrell et al., 2000; Piggott, 2004) or
very cold (Lucchini et al., 2002). The need to address questions of conservation concern, however, often necessitates
sampling across large, heterogeneous regions where sample
age at time of collection is unknown and conditions are
neither dry nor cold (i.e. in the tropics). Operational assessments of sample condition from field-collected samples that
could be used to improve genotyping success are therefore
needed in order to make noninvasive genetic sampling more
accurate and affordable.
Old or poor-quality samples may also influence the
amount of measurable hormone from a sample (Millspaugh
& Washburn, 2004). While previous work has shown that
sample preservation methods may influence hormone levels
(Hunt & Wasser, 2003; Galama, Graham & Savage, 2004),
studies examining the relationship of sample quality in fieldcollected samples and hormone levels are lacking (Washburn & Millspaugh, 2002). Also, dietary intake may
influence fecal excretion of hormone metabolites independent of stress or nutritional status (Goldin et al., 1981; Lewis
& Heaton, 1997; von der Ohe et al., 2004). While diet is
typically controlled by removing water from the sample
(Wasser et al., 1993), von der Ohe & Servheen (2002) postulated that large dietary differences will not be completely
adjusted for during lyophilization since dietary intake may
impact the degree of reabsorption of metabolites, time of
pooling and exogenous augmentation of glucocorticoid
levels.
We present results from a 4-year study that employed
detection dogs to survey scats of wild maned wolves
(Chrysocyon brachyurus) in Brazil (Vynne et al., 2011). Scat
detection dogs enable efficient sampling of wildlife populations (Long et al., 2007; Vynne et al., 2011), yet the effectiveness of this sampling method means that a large number
of old and degraded samples are encountered. Because
factors influencing ability to extract DNA from maned wolf
scat had not been studied, and because samples collected in
the tropics may be particularly susceptible to degradation of
DNA and hormones, we sought to quantify factors affecting
sample quality of field-collected scat. We examined the
influence of extraction method, habitat and season in which
the sample was collected, sample condition (moisture level,
strength of odor, presence of mold or invertebrates on the
sample) and food items (amount of fruit) on the ability to
amplify DNA. To determine whether sample quality influences hormone levels, we measured fecal glucocorticoid
metabolites and thyroid hormone levels in samples and analyzed these mean values with respect to whether or not the
sample amplified nuclear DNA (nDNA), and the amount of
odor, moisture and fruit in the sample.

Methods
Sample collection
We employed specially trained detection dogs to locate scat
from maned wolves (C. brachyurus) in a protected area and
on private lands in the Cerrado of Brazil between August of
2
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2004 and April of 2008 (Vynne et al., 2011). Average annual
precipitation was approximately 1500 mm during the wet
season (September–May), which had an average of 14 days
per month with rain, and < 1 cm of rain fell in the dry season
(June–August). The dry season average temperatures were
23° during the dry season (average high was 29° and average
low was 16°) and 25° during the wet season (average high
was 29° and average low was 20°). Our search area spanned
700–900 m elevation.
When we located a sample, we recorded the habitat and
sample condition, including moisture level, odor strength,
presence of mold and presence of invertebrates. We did not
collect samples that were both odorless (to human observer)
and formless (e.g. consisted only of a scattering of undigested animal material or seeds). Otherwise, we preserved a
portion of the sample for fecal DNA extraction in a 40-mL
vial with 25 mL of 20% dimethyl sulfoxide buffer (DMSO;
Frantzen et al., 1998). When the scat was intact, we collected from the outside of the sample (Stenglein et al., 2010).
We then collected the remainder of the sample with a gloved
hand and retained this portion for subsequent diet,
hormone and DNA analysis. We kept samples on ice packs
and froze them upon returning from the field until shipment
(on dry ice) to the US. Samples from 2006 experienced a
3-week delay in shipment and were subjected to a complete
thaw.

DNA extraction, purification
and amplification
We conducted DNA extractions in a laboratory dedicated
to noninvasive DNA samples and spatially separated from
polymerase chain reaction (PCR) products. 1536 putative
maned wolf samples were extracted in duplicate or triplicate
to control for uneven distribution of DNA in scat (Wasser
et al., 1997). Fecal DNA preserved with DMSO (approximately 0.5 g) was extracted and processed using the Qiagen
QiaAmp® stool mini kit & Dneasy® 96 blood and tissue kit
(Qiagen, Inc., Valencia, CA, USA) and DNA extracts were
then purified using the Geneclean® III kit (Q-BIOgene Inc.,
Carlsbad, CA, USA), both with modified protocols (Vynne,
2010). To test the efficacy of extracting DNA from the
mucosal layer of the feces, we swabbed a subset of 143
maned wolf samples preserved by freezing (not DMSO)
from the 2007 and 2008 field seasons to collect the epithelial
and immune cells. Swabbing was done with a cotton-tipped
applicator dipped in 10x phosphate-buffered saline (PBS)
buffer applied with light pressure to the outside of the
sample in an effort to remove the mucosal cells and avoid
fecal material (Ball et al., 2007; Rutledge et al., 2008;
Wasser et al., 2011). The applicator tip was then placed in a
2-mL tube containing 300 mL Qiagen ATL standard lysis
buffer and 33 mL Proteinase K, and incubated at 21° for
1 h. Another 33 mL Proteinase K was then added and
samples were incubated at 21° overnight before being
extracted using the Qiagen DNAeasy® 96 blood and tissue
kit (Qiagen, Inc.) following the recommended protocol for
DNA extraction of tissue with the following modifications:
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(1) 366 mL AL was added and incubation of 21° was for
1 h.
(2) 366 mL ethanol was added.
We included one negative control (no scat material added to
the extraction) for every 11 extraction tubes.
The species test consisted of fragment analysis from PCR
amplification of the mitochondrial control region (-loop)
using unlabeled HSF21 (GTACATGCTTATATGCAT
GGG) and 5′6-FAM-labeled LTPROB13 (CCACTAT
TAACACCCAAAGC) primers (Wasser et al., 1997) with
methods detailed in Vynne (2010). To ascertain the taxonomic identity of the fecal samples, we compared band sizes
with known control samples from maned wolf, which amplified at a fragment length of 151 bp, and other sympatric
carnivores (Supporting Information).
We subjected all confirmed maned wolf samples (n = 936)
to a nDNA test to determine sex. For this, we used a primer
set designed for kit foxes (Vulpes macrotis mutica, Ortega
et al., 2004). This primer amplifies a short (195 bp) fragment
of the zinc finger (Zfx and Zfy) protein genes and contains
a TaqI digestion site unique to the Zfy gene (Ortega et al.,
2004). We PCR amplified all extracts twice; those loci that
were heterozygous (indicating male) in both replicates were
scored as reliable and genotypes were recorded. All
homozygous and uncertain genotypes (due to amplification
failure or to allelic dropout) were PCR amplified an additional four times. We discarded samples that could be not
reliably typed after six amplifications. To ensure accurate
calling given the potential for allelic dropout of the Y band,
we only called a sample as female once we had seen three
female (and no male) bands. Known female, male and negative controls were run in all PCR-amplified assays and band
sizes were as in Ortega et al. (2004).

Hormone extraction and assays
We prepared samples for hormone assays by freeze drying
for 48 h or until all moisture was removed from the sample
and then sifting the sample through a steel-mesh colander to
remove nonfecal material. We recorded pre- and postfreeze
dry weights to determine the per cent moisture in a sample
and we expressed hormone concentrations per gram dry
mass to control for dietary effects on hormone excretion
rates (Wasser et al., 1993). For extraction of glucocorticoids, we added 2.0 mL of 90% ethanol to 0.2 g freeze-dried
and thoroughly homogenized fecal powder. For thyroid
extractions, 15 mL of 70% ethanol was added to 0.1 g
powder (Wasser et al., 2010). We then vortexed, centrifuged
and removed the supernatant from the tube containing the
fecal pellet for storage at -20°C (Wasser et al., 2010). Before
assaying, fecal extracts were diluted in PBS (1:120 for glucocorticoids, 1:20 for thyroid).
Radiolabeled infusion studies have shown that maned
wolves are predominantly fecal excretors of steroid
hormones (Velloso, 1996; Velloso et al., 1998) and adrenocorticotropic hormone challenge studies of fecal glucocorticoids produced biologically meaningful results on related
taxa (gray wolves, Sands & Creel, 2004; spotted hyena,
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Goymann et al., 1999). Fecal hormones were assayed with
commercial [125I] assay kits (MP Biomedicals 200-tube Corticosterone Double Antibody RIA kit: 07-120103 and MP
Biomedicals 200-tube coated antibody Total T3 RIA kit:
06-B256447, MP biomedicals, Solon, OH, USA). The fecal
glucocorticoid assay was previously used by Cummings
et al. (2007) to study the relationship between environmental enrichment and fecal glucocorticoids in captive maned
wolves and the thyroid hormone assay was validated for
recovery by our laboratory (Wasser et al., 2010).
Assays showed excellent parallelism and accuracy for
maned wolf feces. All samples were assayed in duplicate,
with nonspecific binding and blank controls in quadruplicate, a full standard curve and both manufacturer and study
low and high controls in duplicate. Any samples falling
outside the range of 15–85% bound or > 10% coefficient of
variation between duplicates were re-assayed. Intra- and
inter-assay variation was < 12%.
We measured glucocorticoids in 519 samples, which is
less than the total number of maned wolf samples confirmed
because some hormone samples had to be discarded when
unforeseen circumstances (car breakdowns, power failures)
prevented proper treatment and storage of samples in the
field. Also, some samples did not have adequate fecal material for both DNA and hormone analysis. A reduced
number (n = 384) of samples were analyzed for thyroid
hormone since this assay was developed and validated later
in our study and thus it did not include samples from 2004.

Predictors of DNA amplification and mean
hormone levels and statistical analyses
To understand the relative influence and contribution of
suspected important covariates related to sample condition
and environment on DNA amplification success, we used
classification trees, computationally intensive methods that
facilitate data inspection and selection of explanatory variables (Breiman et al., 1984; De’ath & Fabricius, 2000;
Crawley, 2002). Classification tree partitioning allowed us to
distinguish break points for scalar variables as well as to
distinguish and group habitats for more parsimonious analysis without running each habitat type as a separate variable.
From all possible splits of explanatory variables, we selected
the one that maximized the homogeneity of the two resulting
groups (mostly amplified, mostly failed to amplify; for
further explanation of classification tree analysis and results,
please see Vynne, 2010 or Supporting Information). We used
these results to inform a generalized linear model (GLM) that
predicted amplification success based on the suite of categorical variables assessed via classification tree analysis.
Exposure to humidity and ultraviolet light were expected
to adversely affect sample quality (Murphy et al., 2007). We
therefore looked at the influence of season and habitat in
which the sample was found on DNA amplification success.
Based on the classification tree output, we considered four
broad habitat classifications: closed-canopy woodlands and
forests, open-canopy grasslands and shrublands, marshlands and converted (pasture and croplands).
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Table 1 Description of categorical variables used to understand
factors influencing quality of maned wolf (Chrysocyon brachyurus)
scat samples collected in the Cerrado of Brazil
Variable

Character

Values

Odor
Moisture

C
C

Mold
Invertebrates
Habitat

C
C
L

Season
Fruit diet

S
F

1 (none), 2 (some), 3 (strong)
1 (completely dry), 2 (some moisture), 3
(moist/fresh)
1 (throughout), 2 (some), 3 (none)
1 (throughout, > 20), 2 (some/none)
closed canopy, open canopy, marshland,
converted
wet, dry
1 (all fruit), 2 (some), 3 (none)

The character of variables is denoted by C, condition; L, location, S,
season; F, food items.

We used a qualitative classification to define sample condition at time of collection by assessing odor strength, moisture level, presence of mold and amount of invertebrates on
the sample prior to collection. These categories had previously been demonstrated to influence genotyping rates and
are more accurate than age estimation (Piggott, 2004;
Wasser et al., 2004; Gebhardt et al., 2009). We recorded the
amount of odor in 1 of 6 categories: very strong, strong,
moderate, weak, none or earthy. We assigned level of moisture to 1 of 4 categories ranging from fresh/moist to dry
throughout unless the sample was wet due to rain, in which
case this was noted. The project leader assured interobserver
reliability by periodically cross-checking all teams for
scoring consistency. For data analysis purposes and to help
minimize potential scoring differences between observers,
however, we collapsed categories into three levels each for
odor and moisture (Table 1).
We also expected DNA amplification to be affected by
the presence of fruit in the samples, since fiber decreases gut
passage time and bacterial degradation and increases
sloughing of cells in a sample (Burrows et al., 1982; Wasser
et al., 1993; Murphy et al., 2003) and may also contain
DNA inhibitors. For data analysis purposes, therefore, we
grouped samples according to amount of fruit in the sample
(Table 1).
We analyzed amplification success for mitochondrial
DNA (mtDNA) and nDNA (separately) through a GLM
using binary logistic regression (Crawley, 2002). We predicted amplification success as a function of the categorical
variables (Table 1) to determine the variance explained and
the relative importance of each factor. Model fit was determined through maximum likelihood estimation (Burnham
& Anderson, 1998) after transforming the dependent into a
logit variable, such that the GLM estimated the probability
of amplification given the independent variables related to
sample condition and environment (Table 1). The response
variables for candidate models were, for mtDNA, successful
amplification from at least one of duplicate extracts (binary
response of yes or no), and for sex identification, successful
determination based on our conservative calling protocol.
We then used a step function to sequentially remove vari4
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ables and analyze the resultant change in model performance, evaluated on the basis of the Akaike Information
Criterion.
To test for influence of sample quality on mean hormone
levels, we used linear regression with amount of hormone
measured as log10 ng/g as the dependent variable and suspected influential covariates (amount of odor and moisture
in sample at time of collection, presence of fruit in the
sample, sex identification success or failure and % water
weight lost in drying) as independent variables. We used
Student’s t-tests to compare means of all levels within a
variable, and for all statistical tests, significance was measured at the P = 0.05 level (Zar, 1999).

Results
Over the four seasons of study, an average of 84% of
samples amplified mtDNA (Supporting Information).
Sixty-one per cent of the samples analyzed for sex yielded
positive results and the sex ratio was not different from
50:50 (X12 = 0.1650, P = 0.6846, 213 males, 192 females), as
expected (Jácomo et al., 2009).

Influence of extraction method on
amplification success
For 143 samples extracted from DMSO solution as well as
by swabbing, Fisher’s exact test showed a significant difference in mtDNA amplification between the two extraction
methods; mucosal swabbing of frozen samples yielded
better amplification (105 samples amplified) than samples
extracted from DMSO solution (76 samples amplified;
P = 0.001). Only 3% (4 of 118) of samples extracted a third
time resulted in a positive species identification not previously confirmed by the duplicate pair extracts. Even in
samples that passed screening for mtDNA, the mucosal
swab method of extraction improved nDNA amplification
success (P = 0.023; 83% of swabbed samples amplified for
gender vs. 70% of DMSO-preserved samples).
Allelic dropout in field-collected samples, which was calculated by dividing the number of errors detected by the
total number of cases in which an error could have been
detected (Creel et al., 2003; Broquet & Petit, 2004; Vynne,
2010), occurred in 32% of samples (68 male band dropouts
in 213 confirmed male samples). Of 44 confirmed male
samples extracted with both swabbing and DMSO methods,
allelic dropout occurred in seven of the DMSO-extracted
and three of the swabbing extracted samples.

Influence of sample condition, exposure
and contents on amplification success
Significant contributing factors to the GLM model fit for
amplification of mtDNA from putative maned wolf scat
were amount of odor and moisture in the sample, as well as
habitat where the sample was found (Table 2). The most
parsimonious GLM for predicting amplification success for
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Table 2 Parameter estimates from statistical model showing factors contributing to probability of mtDNA and nDNA amplification of maned wolf
(Chrysocyon brachyurus) scats collected in the Cerrado of Brazil between August 2004 and April 2008
mtDNA

nDNA

Term

Parameter
estimate

SE

z-value

P-value

Parameter
estimate

SE

z-value

P-value

(Intercept)
Odor
Moisture
Mold
Invertebrates
Habitat
Season
Fruit diet

1.135
0.326
0.539
-0.501
-0.391
-0.699
0.738
-0.089

0.260
0.154
0.170
0.310
0.372
0.312
0.544
0.152

4.356
2.118
3.178
-1.615
-1.053
-2.243
1.357
-0.588

< 0.001
0.034
0.001
0.106
0.292
0.025
0.174
0.556

1.103
0.106
0.125
-0.677
-0.597
-0.480
-0.160
-0.747

0.266
0.153
0.127
0.302
0.371
0.239
0.346
0.154

4.140
0.691
0.984
-2.242
-1.612
-2.007
-0.461
-4.864

< 0.001
0.489
0.325
0.025
0.107
0.045
0.645
< 0.001

mtDNA included habitat, odor, moisture, mold and season
only (i.e. exclude diet and invertebrates). Amplification
success was positively correlated with the amount of odor
and moisture (Fig. 1), and was negatively correlated with
closed-canopy habitats (Table 2; Supporting Information).
Presence of fruit, mold and habitat type drive variance in
the GLM for sex determination in samples that previously
amplified mtDNA (Table 2). Presence of fruit negatively
predicted amplification success as did occurrence of mold
throughout a sample and samples found in closed-canopy
and marsh habitats were collectively less likely to amplify
nDNA than samples found in other vegetation types (Supporting Information).

Factors influencing mean hormone levels
The per cent moisture lost during in the drying process was
not correlated with mean hormone levels (R2 < 0.002,
P = 0.384 for glucocorticoids; R2 < 0.006, P = 0.149 for
thyroid) and samples that thawed in shipment did not have
different mean hormone levels than samples that arrived
frozen (F1 = 0.940, P = 0.334 for glucocorticoids and
F1 = 1.335, P = 0.249 for thyroid). Samples that successfully
amplified for sex had higher mean levels of glucocorticoids
(F1 = 5.321, P = 0.022) and thyroid hormone (F1 = 19.229,
P = 0.001) than samples that failed to amplify nDNA.
Amount of odor in the sample was also positively correlated
with mean glucocorticoids (F2 = 22.284, P = 0.001) and
thyroid hormone concentrations (F2 = 3.630, P = 0.028), as
was the amount of moisture in a sample (F2 = 3.037,
P = 0.049 glucocorticoids; F2 = 5.882, P = 0.003 thyroid).
Samples that were fresh or retained moisture had higher
mean hormone levels than samples that that were entirely
dry or wet due to rain (Fig. 2). The influence of odor
remained when the sample set was constrained to samples
that had positively amplified nDNA (F2 = 13.780, P < 0.001
glucocorticoids; F2 = 4.600, P = 0.011 thyroid). Samples
that contained fruit material had higher mean glucocorticoid levels than samples without fruit (F1 = 4.272,
P = 0.039). For thyroid, samples comprised entirely of fruit
had lower mean hormone levels than samples with some or
no fruit (F2 = 7.699, P = 0.001).

Discussion
Mucosal swabbing of samples for DNA extraction yielded
improved amplification success over buffer-preserved
samples and reduced allelic dropout. This is likely due to a
greater number of epithelial cells being present on the
outside of the scat as well as because this method reduces the
amount of inhibitors in the PCR (Wasser et al., 2011). Since
our samples were mixed and experienced some freeze
thawing during storage and transport prior to implementing
our swabbing protocol, we expect the genotyping success
could be further improved by swabbing the outside of fresh
samples in the field (Rutledge et al., 2008; Stenglein et al.,
2010). The mucosal swabbing method is also significantly
less costly, since it does not require the use of the Qiagen®
Inhibitex tablets or the Geneclean® purification process,
and the higher DNA quality will reduce the number of
required repeat-amplifications for confirming alleles.
Our amplification results were similar to those of Miotto
et al. (2007) for puma in another region of Brazilian
Cerrado, to Michalski et al. (2011) for Amazonian carnivores and to those of to Farrell et al. (2000) for puma and
jaguar in Venezuela. A decrease of at least 20% from
mtDNA success rates to sex or individual identifications
with nDNA is typical for scat (Frantzen et al., 1998; Kohn
et al., 1999; Ernest et al., 2000) and consistent with our findings. Our relatively poor amplification and high allelic
dropout rates of nDNA in samples that were more degraded
at time of collection supports use of condition as a proxy for
sample age, which controlled studies have shown influences
error and amplification at rates comparable to ours (Dallas
et al., 2000; Piggott, 2004; Murphy et al., 2007). The poor
amplification and high error rates of DNA-poor samples in
our study made our attempts at amplification of microsatellite loci for genotyping individuals of all samples costprohibitive, which is a limitation to this study. Prioritization
of high-quality samples, however, would improve feasibility
since initial testing of a few samples selected based on our
condition analyses amplified consistently across loci and
with fewer errors.
Other studies have hypothesized that diet may influence
ability to extract DNA from scats (Reed et al., 1997; Farrell
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Odor level
mtDNA
nDNA

0.6
0.4

Per cent of samples that amplified DNA

0.2
0.0
None
1.0

Some

Strong

Some

Fresh/moist

Some

All

Moisture level

0.8
0.6
0.4
0.2
0.0
None
1.0

Amount of fruit

0.8
0.6
0.4
0.2
0.0
None

Figure 1 Proportion of putative maned wolf (Chrysocyon brachyurus)
scat samples that amplified for mtDNA and nDNA based on amount
of odor, moisture and fruit in the sample.

et al., 2000). While potentially complicated by the fact that
we did not analyze for nDNA samples that failed to yield
mtDNA, our results showed that that nDNA, but not
mtDNA, was sensitive to diet type. This is consistent with
the controlled study of Murphy et al. (2003) and should be
considered in both study design and data analysis for studies
of species with highly varied diets such as maned wolves.
Although their sample size was small, Panasci et al. (2011)
found that preservation method influenced DNA amplification depending on the food item in the scat. This warrants
6

further exploration, and while we caution researchers to
consider the influence of individual dietary preferences and
seasonal abundances of certain food items in study design
and analysis, mucosal swabbing of scats is likely to eliminate
problems due to fecal inhibitors that vary by diet type
(Wasser et al., 2011).
The influence of sample quality at the time of collection
on hormone levels is of considerable importance and will be
increasingly important to address as interest in the collection of noninvasive measures increases. Measurement error
in the quantifiable amount of hormone will affect ability to
interpret main effects if not accounted for in statistical
analyses (Vynne, 2010). That our results demonstrated a
significant influence in presumably older samples (samples
that were dried or had little odor) suggests the importance of
collecting samples that are as fresh as possible. Ensuring
consistent measurement of sample quality at time of collection will be essential for accounting for this error in analysis.
Correlations showing differences in food items in a scat
and hormone levels could be either due to fiber affecting
excretion and the amount of hormone in the sample or due
to a physiological difference the animal is experiencing that
is affecting food item choice by the animal. We believe that
the results of this study are biologically meaningful because
prior work has been shown to control for the effects of fiber
(Wasser et al., 1993); fiber-rich scats were associated with
positive amounts of one hormone and negative amounts of
another hormone, and the results are as would be expected
from related work that correlates landscape use, diet and
physiology in maned wolves (Vynne, 2010). More specifically, while maned wolves regularly consume large amounts
of fruit (Jácomo et al., 2004) and a fruit-rich diet does not
necessarily indicate an animal is in poor health, diet analysis
from our study showed that the most commonly consumed
fruit was Solanum lycocarpum, which has been shown to
have antihelmintic properties (Cruz et al., 2008). This fruit
was more commonly consumed in disturbed habitats and
when other food resources were less available (Vynne,
2010). Our results thus match expectations that individuals
experiencing high parasite loads and/or nutritional stress
would consume more fruit (Vynne, 2010) and have lower
levels of thyroid hormone (van der Heyden et al., 1986;
Eales, 1988; Wasser et al., 2010) and higher levels of glucocorticoids (Wasser et al., 2004; Pereira, Duarte & Negrão,
2006).
Similar effects of diet on glucocorticoids were also shown
for grizzly bear by von der Ohe et al. (2004), although they
were unable to explain these trends at the time. Glucocorticoids were lowest in grizzly bears eating berries, second
lowest in bears eating flesh (salmon) and highest in bears
eating grass. These dietary differences are precisely what one
would predict in a nutrition model of glucocorticoid secretion (Romero, Dickens & Cyr, 2009), given carbohydraterich berries and the relatively low nutritional value of grass.
By contrast, fiber impacts on steroid excretion could not
explain these trends since berries and grass are both much
higher in fiber than in flesh and samples were freeze dried
and expressed per gram dry weight to control for those
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effects (Wasser et al., 1993). A fourth diet group in the bear
study, termed mixed, varied in composition from grass and
other vegetation early in the season to a combination of
berries and flesh late in the season. Glucocorticoids sharply
declined across the season in those mixed samples, which is
in concordance with nutritional expectations. Both the von
der Ohe et al. (2004) and our study were correlational, and
the possibility that fiber is influencing hormone amounts
thus cannot be ruled out. To our knowledge, however, there
is no reason to expect that excretion rate would influence
one hormone in a positive manner and another in a negative
manner, as occurred with our study. Nevertheless, it would
be wise to conduct a dietary trial and/or correlate fecal
hormones with independent measures of stress (blood,
behavior, visual assessment of body condition) to rule out
the possibility that fiber is not directly influencing hormone
level measurements in maned wolf scats.
The results of this study highlight the importance of using
consistent, quantifiable and repeatable measures of sample
quality when collecting samples of unknown age in the field.

2

Moisture level

3

Figure 2 Median hormone levels of maned
wolf (Chrysocyon brachyurus) scats with
respect to varying levels of odor (1 = none,
2 = some, 3 = strong) and moisture (1 =
none, 2 = some, 3 = moist/fresh) at time of
collection.

While samples may be collected and stored relatively inexpensively, laboratory processing of samples requires large
amounts of time and often comprises a large proportion of
a field project’s budget. Being able to prioritize samples for
laboratory analyses that are most likely to yield positive
DNA results for all but the rarest of species is thus likely to
benefit most investigators. Sample quality categories may be
compared with available budgets and then used to prioritize
samples for extraction for DNA analysis. While other
studies have suggested using mtDNA as a screening for
further nDNA analysis, our results show that further prioritization and associated cost savings of avoiding repeat
amplification and/or error due to allelic dropout may be
done by selecting only the highest quality samples even of
those that positively yielded mtDNA.
This study supports a small but growing body of evidence
that demonstrates the feasibility of extracting DNA from
samples of unknown age that are collected in challenging
environmental conditions, including the tropics (Michalski
et al., 2011). It also emphasizes the importance of using
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consistent indices of sample condition at time of collection.
While comparable studies for hormone analyses do not to
our knowledge exist, it is reasonable to expect that the
species of origin and environment in which the sample is
deposited will influence the degree to which sample condition affects measurable hormone levels. We thus recommend that researchers measure and account for both
environmental and sample quality factors that may contribute to measurement error when testing for main effects.
Increasing understanding for how sample quality influences
hormone levels, as well as if and how this varies by species,
in particular, will enable researchers seeking to employ noninvasive measures of animal physiology to better measure
and understand main effects and crucial questions for
species of interest. We strongly encourage other researchers
to measure and report results in future studies.
In summary, the ability to monitor wide-ranging species
over large landscapes is increasingly important for conservation planning (Boyd et al., 2008). Scat provides a survey
and monitoring tool that is attractive since it may be collected without having to disturb study animals. Samples
that are collected without directly observing the target
species, however, may be days or weeks old (Smith et al.,
2003), and environmental conditions may degrade DNA
and influence hormone levels. To effectively and efficiently
apply noninvasive scat sampling methods in large-scale
studies, therefore, it is important to identify the variables
that impact PCR amplification success. To control for
hormone variation due to sample quality and allow for
accurate testing of biological effects, we recommend that
sample quality covariates be included in analyses to exclude
variation due to sample quality. Our results show that
operational assessments of sample condition in the field can
be reliably made by multiple observers and provide more
refined predictors of DNA and hormone degradation to
reduce genotyping costs and errors, as well as remove nonbiological variance in endocrine assessments of biological
impacts.

Acknowledgments
We thank the project’s field assistants, lab volunteers and
work-study students. R. Booth, L. Erckman, K. Gobush,
L. Hayward, R. Livingston, C. Mailand, D. Mitchel and
S. Nelson provided training and guidance with laboratory
techniques to C.V. The Smithsonian Conservation Research
Center, Jaguar Conservation Fund, the Woodland Park
Zoo, Parque Zoológico de Goiânia and K. DeMatteo provided control samples. The Brazil Program of Conservation
International, the Jaguar Conservation Fund and the University of Brazilia assisted with project inception and coordination. Thanks also to the staff of Emas National Park
and private landowners in the region who allowed access to
their farms, as well as to the Brazilian Institute of Renewable Natural Resources and CNPq for project licensing.
Funding was provided by the Morris Animal Foundation,
TEAM Network of Conservation International, funded by
8

C. Vynne et al.

the Gordon and Betty Moore Foundation and a National
Science Foundation Graduate Fellowship to C.V.

References
Adams, J.R., Lucash, C. & Waits, L.P. (2007). Locating
hybrid individuals in the red wolf (Canis rufus) experimental population area using a spatially targeted sampling strategy and faecal DNA genotyping. Mol. Ecol.
16, 1823–1834.
Ball, M.C., Pither, R., Manseau, M., Clark, J., Peterson,
S.D., Kingston, S., Morrill, N. & Wilson, P. (2007).
Characterization of target nuclear DNA from faeces
reduces technical issues associated with the assumptions
of low-quality and quantity template. Conserv. Genet. 8,
577–586.
Bellemain, E., Swenson, J.E., Tallmon, D., Brunberg, S. &
Taberlet, P. (2005). Estimating population size of elusive
animals with DNA from hunter-collected feces: four
methods for brown bears. Conserv. Biol. 19, 150–161.
Boyd, C., Brooks, T.M., Buchart, S.H.M., Edgar, G.J., da
Fonseca, G.A.B., Hawkins, F., Hoffman, M., Sechrest,
W., Stuart, S.N. & van Dijk, P.P. (2008). Spatial scale
and the conservation of threatened species. Conserv. Lett.
1, 37–43.
Breiman, L., Friedman, J.H., Olshen, R.A. & Stone, C.J.
(1984). Classification and regression trees. Pacific Grove:
Wadsworth, Inc.
Broquet, T. & Petit, E. (2004). Quantifying genotyping
errors in noninvasive population genetics. Mol. Ecol. 13,
3601–3608.
Burnham, K.P. & Anderson, D.R. (1998). Model selection
and inference: a practical information theoretic approach.
New York: Springer-Verlag.
Burrows, C.F., Kronfeld, D.S., Banta, C.A. & Merritt,
A.M. (1982). Effects of fiber on digestibility and transit
time in dogs. J. Nutr. 112, 1726–1732.
Crawley, M.J. (2002). Statistical computing. West Sussex:
Wiley.
Creel, S., Fox, J.E., Hardy, A., Sands, J.L., Garrott, B. &
Peterson, R.O. (2002). Snowmobile activity and glucocorticoid stress responses in wolves and elk. Conserv. Biol.
16, 809–814.
Creel, S., Spong, G., Sands, J.L., Rotella, J., Zeigle, J.,
Lawrence, J., Murphy, K.M. & Smith, D. (2003). Population size estimation in Yellowstone wolves with errorprone noninvasive microsatellite genotypes. Mol. Ecol.
12, 2003–2009.
Cruz, A.P.S., Costa, D.P.C., Valente, G.S.C., Mattos,
D.M.M., Alexandre, D.J.A., Diré, G.F. & Borba, H.R.
(2008). Anthelmintic effect of Solanum lycocarpum in
mice infected with Aspiculuris tetráptera. J. Am. Sci. 4,
75–79.
Cummings, D., Brown, J.L., Rodden, M.D. & Songsasen,
N. (2007). Behavioral and physiologic responses to envi-

Animal Conservation •• (2011) ••–•• © 2011 The Authors. Animal Conservation © 2011 The Zoological Society of London

C. Vynne et al.

ronmental enrichment in the maned wolf (Chrysocyon
brachyurus). Zoo. Biol. 26, 331–343.
Dallas, J.F., Carss, D.N., Marshall, F., Koepfli, K.-P.,
Kruuk, H., Piertney, S.B. & Bacon, P.J. (2000). Sex identification of the Eurasian otter Lutra lutra by PCR typing
of spraints. Conserv. Genet. 1, 181–183.
De’ath, G. & Fabricius, K.E. (2000). Classification and
Regression trees: a powerful yet simple technique for
ecological data analysis. Ecology 81, 3178–3192.
Eales, J.G. (1988). The influence of nutritional state on
thyroid function in various vertebrates. Am. Zool. 28,
351–362.
Ernest, H., Penedo, M., May, B., Syvanen, M. & Boyce, W.
(2000). Molecular tracking of mountain lions in the
Yosemite Valley region in California: genetic analysis
using microsatellites and faecal DNA. Mol. Ecol. 9, 433–
441.
Farrell, L.E., Roman, J. & Sunquist, M.E. (2000). Dietary
separation of sympatric carnivores identified by molecular analysis of scats. Mol. Ecol. 9, 1583–1590.
Foran, D.R., Crooks, K.R. & Minta, S.C. (1997). Species
identification from scat: an unambiguous genetic method.
Wildl. Soc. Bull. 25, 835–839.
Frantzen, M., Silk, J., Ferguson, J., Wayne, R. & Kohn, M.
(1998). Empirical evaluation of the preservation methods
for fecal DNA. Mol. Ecol. 7, 1423–1428.
Galama, W.T., Graham, L.H. & Savage, A. (2004). Comparison of fecal storage methods for steroid analysis in
black rhinoceroses (Diceros bicornis). Zoo Biol. 23, 291–
300.
Gebhardt, K.J., Brightsmith, D., Powell, G. & Waits, L.P.
(2009). Molted feathers from clay licks in Peru provide
DNA for three large macaws (Ara ararauna, A. chloropterus, and A. macao). J. Field Ornithol. 80, 183–192.
Gobush, K.S., Mutayoba, B.M. & Wasser, S.K. (2008).
Long-term impacts of poaching on relatedness, stress
physiology, and reproductive output of adult female
African elephants. Conserv. Biol. 22, 1590–1599.
Goldin, B.R., Adlercreutz, H., Dwyer, J.T., Swenson, L.,
Warram, J.H. & Gorbach, S.L. (1981). Effect of diet on
excretion of extrogens in premenopausal and postmenopausal women. Cancer Res. 41, 3771–3773.
Goymann, W., Mostl, E., VantHof, T., East, M.L. &
Hofer, H. (1999). Noninvasive fecal monitoring of glucocorticoids in spotted hyenas, Crocuta crocuta. Gen.
Comp. Endocrinol. 114, 340–348.
van der Heyden, J.T., Docter, R., van Toor, H., Wilson,
J.H., Hennemann, G. & Krenning, E.P. (1986). Effects of
caloric deprivation on thyroid hormone tissue uptake and
generation of low-T3 syndrome. Am. J. Physiol. Endocrinol. Metab. 251, 156–163.
Hunt, K.E. & Wasser, S.K. (2003). Effect of long-term preservation methods on fecal glucocorticoid concentrations
of grizzly bear and African elephant. Physiol. Biochem.
Zool. 76, 918–928.

Factors influencing degradation of scat samples

Jácomo, A.T.A., Silveira, L., Alexandre, J. & Diniz-Filho,
F. (2004). Niche separation between the maned-wolf
(Chrysocyon brachyurus), crab-eating fox (Dusicyon
thous) and the hoary-fox (Dusicyon vetulus) in the
Cerrado of Central Brazil. J. Zool. (Lond.) 262, 99–106.
Jácomo, A.T.A., Kashivakura, C.K., Ferro, C., Furtado,
M.M., Astete, S.P., Tôrres, N.M., Sollmann, R. & Silveira, L. (2009). Maned wolf home range and spatial
organization in the Brazilian grasslands. J. Mammal. 90,
150–157.
Kohn, M.H., York, E.C., Kamradt, D.A., Haught, G., Sauvajot, R.M. & Wayne, R. (1999). Estimating population
size by genotyping faeces. Proc. R. Soc. Lond. 266, 657–
663.
Lewis, S.J. & Heaton, K.W. (1997). Increasing butyrate
concentration in the distal colon by accelerating intestinal
transit. Gut 41, 245–251.
Long, R.A., Donovan, T.M., Mackay, P., Zielinski, W.J. &
Buzas, J.S. (2007). Comparing scat detection dogs,
cameras, and hair snares for surveying carnivores.
J. Wildl. Manage. 71, 2018–2025.
Lucchini, V., Fabbri, E., Marucco, F., Ricci, S., Boitani, L.
& Randi, E. (2002). Noninvasive molecular tracking of
colonizing wolf (Canis lupus) packs in the western Italian
Alps. Mol. Ecol. 11, 857–868.
Maudet, C., Luikart, G., Dubray, D., Von Hardenberg, A.
& Taberlet, P. (2004). Low genotyping error rates in
ungulate feces sampled in winter. Mol. Ecol. Notes 4,
772–775.
Michalski, F., Valdez, F.P., Norris, D., Zieminski, C.,
Kashivakura, C.K., Trinca, C.S., Smith, H.B., Vynne, C.,
Wasser, S.K., Metzger, J.P. & Eizirik, E. (2011). Successful carnivore identification with faecal DNA across a
fragmented Amazonian landscape. Mol. Ecol. Res. 11,
862–871. (Online DOI: 10.1111/j.1755-0998.2011.03031.x)
Millspaugh, J.J. & Washburn, B.E. (2004). Use of fecal glucocorticold metabolite measures in conservation biology
research: considerations for application and interpretation. Gen. Comp. Endocrinol. 138, 189–199.
Miotto, R.A., Rodrigues, F.P., Ciocheti, G. & Galetti, P.M.
Jr (2007). Determination of the minimum population size
of pumas (Puma concolor) through fecal DNA analysis in
two protected Cerrado areas in the Brazilian Southeast.
Biotrop 39, 647–654.
Murphy, M.A., Waits, L.P. & Kendall, K.C. (2003). The
influence of diet on faecal DNA amplification and sex
identification in brown bears (Ursus arctos). Mol. Ecol.
12, 2261–2265.
Murphy, M.A., Kendall, K.C., Robinson, A. & Waits, L.P.
(2007). The impact of time and field conditions on brown
bear (Ursus arctos) faecal DNA amplification. Conserv.
Genet. 8, 1219–1224.
von der Ohe, C. & Servheen, C. (2002). Measuring stress in
mammals using fecal glucocorticoids: opportunities and
challenges. Wildl. Soc. Bull. 30, 1215–1225.

Animal Conservation •• (2011) ••–•• © 2011 The Authors. Animal Conservation © 2011 The Zoological Society of London

9

Factors influencing degradation of scat samples

von der Ohe, C., Wasser, S.K., Hunt, K. & Servheen, C.
(2004). Factors associated with fecal glucocorticoids in
Alaskan brown bears (Ursus arctos horribilis). Physiol.
Biochem. Zool. 77, 313–320.
Ortega, J., Franco, M.d.R., Adams, B.A., Adams, K. &
Maldonado, J. (2004). A reliable, non-invasive method
for sex determination in the endangered San Joaquin kit
fox (Vulpes macrotis mutica) and other canids. Conserv.
Genet. 5, 715–718.
Panasci, M., Ballard, W.B., Breck, S., Rodriguez, D., Densmore, L.D., Wester, D.B. & Baker, R.J. (2011). Evaluation of fecal DNA preservation techniques and effects of
sample age and diet on genotyping success. J. Wildl.
Manage. 75, 1616–1624.
Pereira, R.J.G., Duarte, J.M.B. & Negrão, J.A. (2006).
Effects of environmental conditions, human activity,
reproduction, antler cycle and group on fecal glucocorticoids of free-ranging deer stags (Ozotoceros bezoarticus
bezoarticus). Horm. Behav. 49, 114–122.
Piggott, M.P. (2004). Effect of sample age and season of
collection on the reliability of microsatellite genotyping
of faecal DNA. Wildl. Res. 31, 485–493.
Reed, J.Z., Tollit, D.J., Thompson, P.M. & Amos, W.
(1997). Molecular scatology: the use of molecular genetic
analysis to assign species, sex and individual identity to
seal faeces. Mol. Ecol. 6, 225–234.
Rolland, R.M., Hamilton, P.K., Kraus, S.D., Davenport,
B., Gillett, R.M. & Wasser, S.K. (2006). Faecal sampling
using detection dogs to study reproduction and health in
North Atlantic right whales (Eubalaena glacialis). J.
Cetacean Res. Manag. 8, 121–125.
Romero, L.M., Dickens, M.J. & Cyr, N.E. (2009). The
reactive scope model—a new model integrating
homeostasis, allostatis, and stress. Horm. Behav. 55, 375–
389.
Rutledge, L.Y., Holloway, J.J., Patterson, B.R. & White,
B.N. (2008). An improved field method to obtain DNA
for individual identification from wolf scat. J. Wildl.
Manage. 73, 1430–1435.
Sands, J. & Creel, S. (2004). Social dominance, aggression
and fecal glucocorticoid levels in a wild population of
wolves, Canis lupus. Anim. Behav. 67, 387–396.
Santini, A., Lucchini, V., Fabbri, E. & Randi, E. (2007).
Ageing and environmental factors affect PCR success in
wolf (Canis lupus) excremental DNA samples. Mol. Ecol.
Notes 7, 955–961.
Smith, D.A., Ralls, K., Hurt, A., Adams, B., Parker, M.,
Davenport, B., Smith, M.C. & Maldonado, J.E. (2003).
Detection and accuracy rates of dogs trained to find scats
of San Joaquin kit foxes (Vulpes macrotis mutica). Anim.
Conserv. 6, 339–346.
Solberg, H.K., Bellemain, E., Drageset, O.M., Taberlet, P.
& Swenson, J.E. (2006). An evaluation of field and noninvasive genetic methods to estimate brown bear (Ursus
arctos) population size. Biol. Conserv. 128, 158–168.

10

C. Vynne et al.

Stenglein, J.L., de Barba, M., Ausband, D.E. & Waits, L.P.
(2010). Impacts of sampling location within a faeces on
DNA quality in two carnivore species. Mol. Ecol. Res.
10, 109–114.
Velloso, A.L. (1996). The maned wolf (Chrysocyon
brachyurus) reproductive cycle as determined by fecal
steroid monitoring. Master’s thesis, Department of
Zoology; University of College Park, Maryland.
Velloso, A.L., Wasser, S.K., Monfort, S.L. & Dietz, J.M.
(1998). Longitudinal fecal steroid excretion in maned
wolves (Chrysocyon brachyurus). Gen. Comp. Endocrinol.
112, 96–107.
Vynne, C. (2010). Landscape use by wide-ranging mammals
in the Brazilian Cerrado. PhD dissertation, University of
Washington.
Vynne, C., Skalski, J.R., Machado, R.B., Groom, M.J.,
Jácomo, A.T.A., Marinho-Filho, J., Ramos Neto, M.B.,
Pomilla, C., Silveira, L., Smith, H. & Wasser, S.K.
(2011). Effectiveness of scat detection dogs in determining species presence in a tropical savanna landscape.
Conserv. Biol. 25, 154–162.
Waits, L.P. & Paetkau, D. (2005). Noninvasive genetic sampling tools for wildlife biologists: a review of application
and recommendations for accurate data collection. J.
Wildl. Manage. 69, 1419–1433.
Washburn, B.E. & Millspaugh, J.J. (2002). Effects of simulated environmental conditions on glucocorticoid
metabolite measurements in white-tailed deer feces. Gen.
Comp. Endocrinol. 127, 217–222.
Wasser, S.K., Thomas, R., Nair, P.P., Guidry, C., Southers,
J., Lucas, J., Wildt, D.E. & Monfort, S.L. (1993). Effects
of dietary fiber on faecal steroid measurements. J.
Reprod. Fertil. 97, 569–574.
Wasser, S.K., Houston, C.S., Koehler, G.M., Cadd, G.G. &
Fain, S.R. (1997). Techniques for application of fecal
DNA methods to field studies of ursids. Mol. Ecol. 6,
1091–1097.
Wasser, S.K., Davenport, B., Ramage, E.R., Hunt, K.E.,
Parker, M., Clarke, C. & Stenhouse, G. (2004). Scat
detection dogs in wildlife research and management:
applications to grizzly and black bears in the Yellowhead
Ecosystem, Alberta, Canada. Can. J. Zool. 82, 475–492.
Wasser, S.K., Azkarate, J.C., Booth, R.K., Hayward, L.,
Hunt, K., Ayres, K., Vynne, C., Gobush, K., CanalesEspinosa, D. & Rodríguez-Luna, E. (2010). Non-invasive
measurement of thyroid hormone in feces of a diverse
array of avian and mammalian species. Gen. Comp.
Endocrinol. 168, 1–7.
Wasser, S.K., Keim, J.L., Taper, M.L. & Lele, S.R. (2011).
The influences of wolf predation, habitat loss, and
human activity on caribou and moose in the Alberta oil
sands. Front. Ecol. Environ. (Online) DOI: 10.1890/
100071.
Zar, J.H. (1999). Biostatistical analysis. 4th edn. Upper
Saddle River: Prentice Hall.

Animal Conservation •• (2011) ••–•• © 2011 The Authors. Animal Conservation © 2011 The Zoological Society of London

C. Vynne et al.

Supporting information
Additional Supporting Information may be found in the
online version of this article:
Online S1. Species controls of some sympatric carnivores in
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lengths as analyzed using HSF21 and LTPROB13 primers
and fragment length polymorphisms.
Online S2. Mitochondrial DNA amplification success and
species assignments from scat samples collected from putative maned wolf.
Online S3. Classification tree outputs showing all variables
that split (i.e. there was a significant break between the
factors of the variable) for mtDNA in maned wolf
scats. Any variables not represented in the figures were
uniform.
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Online S4. Classification tree outputs showing all variables
that split for nDNA in maned wolf scats. Any variables not
represented in the figures were uniform.
Online S5. Classification trees of the most parsimonious
models for mtDNA (a) and nDNA (b) amplification from
maned wolf scats. Significant break points for mtDNA are
evident in odor (break between samples having none and
any (some or strong), and moisture (samples that were
entirely dry and samples that had some moisture or were
fresh), whereas diet alone dominated the model for nDNA
amplification.
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