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Summary
1. Enzyme immunoassays (EIAs) are widely used to quantify concentrations of hormone metabolites. Modiﬁcations in laboratory conditions may aﬀect the accuracy of metabolite concentration measurements and lead to
misinterpretations when results of diﬀerent accuracy are combined for a statistical analysis. This issue is of great
relevance to studies in behavioural and evolutionary ecology because these usually aim at understanding how
hormone concentrations vary between individuals, environments or experimental conditions.
2. We present a method based on re-assaying a subset of samples to standardize hormone metabolite concentrations when changes in EIA accuracy occur. We used glucocorticoid metabolite concentrations (fGMCs) measured in faeces of spotted hyaenas (Crocuta crocuta) between 2011 and 2013 with a previously validated EIA.
Changes in accuracy were assessed by monitoring the metabolite concentration of faecal control ‘pools’ that were
systematically assayed with faecal samples. A cluster analysis on these pools identiﬁed two distinct sample sets
with diﬀerent EIA accuracy; ‘Cluster 1’ and ‘Cluster 2’. We then re-assayed all samples of Cluster 1 (n = 138)
with an EIA accuracy similar to that of Cluster 2 and ﬁtted a linear regression to the remeasured fGMCs against
the initial fGMCs to predict fGMCs in Cluster 2. To determine the minimum number of samples to re-assay that
allows reliable predictions, we assessed the variation in the quality of model predictions by ﬁtting linear regressions on decreasing numbers of re-assayed samples. This revealed that re-assaying 27 samples would be suﬃcient
to generate reliable predictions considering our data set.
3. To test the robustness of our method, we ﬁtted a new linear regression to 27 randomly chosen samples and
used its equation to standardize all fGMCs of Cluster 1. The standardized fGMCs were similar to the remeasured
fGMCs, and the regression on 27 samples was as eﬀective at standardizing fGMCs as the regression ﬁtted on the
complete data set.
4. Our standardization method permits the combination of results of diﬀerent accuracy. It is a simple and reliable alternative to the costly, time-consuming and often impractical re-assaying of complete sample sets that can
be applied to a wide variety of species and sample types.
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Introduction
Methods to measure concentrations of steroid hormone
metabolites in urine and faeces have become an essential part
of studies in evolutionary ecology and conservation. They
have been applied to many taxa to investigate key topics
such as the interplay between steroid hormones and social or
sexual behaviour (Rasmussen et al. 2008; Benhaiem et al.
2013) and the physiological response of endangered species
to disturbance (Rolland et al. 2012). Because the collection
of urine and faeces does not involve potentially stressful procedures such as the manipulation or immobilisation of study
animals, these methods are particularly useful to monitor
adrenocortical activity over time and for studies on freeranging animals (Hofer & East 1998; Touma & Palme 2005;
*Correspondence author. E-mail: benhaiem@izw-berlin.de
†Contributed equally to this work

Landys, Goymann & Slagsvold 2011; Rolland et al. 2012;
Benhaiem et al. 2013).
Hormone metabolite concentrations are most commonly
quantiﬁed using enzyme immunoassays (EIAs) (Touma &
Palme 2005). In indirect, competitive EIAs, the metabolites in
faecal or urine samples compete with a known amount of tracer (e.g. a steroid hormone conjugated with a peroxidase
enzyme) for the binding sites of a hormone-speciﬁc antibody.
The proportion of bound tracer generates a ‘response’, which
is read photometrically and expressed as optical density. The
metabolite concentration in a sample is then quantiﬁed by
relating the optical density to a calibrated dose–response curve
generated by standards of known hormone concentration
(Wild 2013). Because the chemical structure of metabolites and
their binding aﬃnity towards the antibody usually diﬀers from
that of their native hormone contained in standards and tracer,
there often is a bias between measured and ‘true’ metabolite concentration; this bias deﬁnes the ‘accuracy’ of an EIA
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(Wild 2013). Such a bias is negligible if it remains constant for
all assayed samples and if, as in most studies in behavioural
and evolutionary ecology, the main interest lies in relative differences in concentrations between individuals, environments
or experimental conditions (Lynch et al. 2003; Brown, Walker
& Steinman 2004). If, however, EIA accuracy substantially
changes during the course of the study, measured metabolite
concentrations in samples are not directly comparable and
combining them in statistical models would lead to misinterpretations and erroneous conclusions.
Changes in EIA accuracy may occur for various reasons.
EIAs involve binding reactions that are sensitive to laboratory conditions such as room temperature and exposure to
light during incubation (responsible for ‘edge’ or ‘well-towell’ eﬀects; Watson et al. 2013). Other potential sources of
variation in binding reactions are modiﬁcations in protocols
such as changes in the concentration of antibody and tracer,
replacement of the antibody, standards or other reagents
when they are used up, expire or when commercial kits are
discontinued, changes of equipment, and switches in laboratory personnel (Shekarchi et al. 1984; Jones et al. 1995;
Noble et al. 2008; Wasser et al. 2010; Watson et al. 2013).
Because the native hormone in standards and tracer and
metabolites in samples diﬀer in their chemical properties,
their binding reactions may be aﬀected diﬀerently by variation in laboratory protocol and conditions, thereby inducing
changes in the accuracy of metabolite concentrations (Watson et al. 2013).
To track changes in EIA accuracy and other characteristics
of EIA performance, control parameters such as the responses
in blank wells, the standard concentrations associated with relative binding sensitivities (i.e. concentrations at 10, 20, 50, 80
and 90% of binding) and metabolite concentrations in urine or
faecal control solutions or ‘pools’ are routinely monitored
(Brown, Walker & Steinman 2004; Wild 2013). Pools are
commonly used to assess the intra-assay and interassay repeatability or ‘precision’ of measurements of metabolite concentrations. Substantial changes in the concentration of pools
additionally indicate changes in the relationship between measurements of metabolites and standards, that is, changes in
EIA accuracy (Gill, Hayes & Sluss 2003). One possibility to
avoid non-comparable results due to changes in accuracy is to
(re-)assay all samples together and within a short period of
time. Re-assaying large data sets for each new research question, however, is costly in time, manpower, sample material
and money and may not always be feasible, for example when
samples are depleted.
Here, we present a method to standardize results when
changes in EIA accuracy occur, based on the re-assaying of a
subset of samples. We establish this method using glucocorticoid metabolite concentrations measured in faeces (fGMCs) of
spotted hyaenas (Crocuta crocuta) collected in the Ngorongoro
Crater, Tanzania, as part of a long-term research project
(H€
oner et al. 2007, 2010). We demonstrate that our method
eﬀectively standardizes metabolite concentrations and allows
comparison of measurements obtained when EIA accuracy
varies.

577

Methods and Results
COLLECTION AND TREATMENT OF FAECAL SAMPLES

We collected 483 faecal samples from 272 free-ranging spotted hyaenas between 2002 and 2013. Faeces were collected immediately
after defaecation, mixed, subsampled and stored in liquid nitrogen
until transported to Germany on dry ice where they were stored at
80°C until further processing. Faecal subsamples were freeze-dried
(for 49–70 h) with a Lyovac-GT2 lyophilisator (H€
urth, Germany).
Aliquots of 01 g were extracted with 09 mL of 90% methanol for
30 min, centrifuged, and the supernatant (typically 07 mL) diluted
1:1 with distilled water. Faecal samples and extracts were stored at
80°C between treatments.

ASSAY OF FAECAL SAMPLES

Faecal extracts were assayed in three batches by two technicians; one
technician assayed extracts in July 2011 (n = 71 extracts, 5 plates) and
September 2011 (n = 67 extracts, 5 plates) and the other in July 2013
(n = 345 extracts, 13 plates). We quantiﬁed fGMCs using an ‘in-house’
cortisol-3-CMO competitive EIA that was validated for spotted hyaenas and demonstrated a high aﬃnity of the antibody with cortisol
metabolites, the ability of the antibody to measure natural ﬂuctuation
in metabolite concentrations and a high precision of measurement
(Benhaiem et al. 2012). We used microtitre plates coated with a polyclonal antibody raised in rabbits against cortisol-3-CMO-BSA and cortisol-3-CMO-peroxidase as tracer (for more details on EIA protocol,
see Benhaiem et al. 2012). Calibrated standard curves were prepared
by serial 1:2 dilutions of a cortisol stock solution and ranged from 02
to 100 pg 20 lL1. Calibration curves were ﬁtted using Akima’s spline
interpolation (Akima 1970). The approximately linear range of the calibration curve (i.e. the section between 20 and 80% of binding of the tracer or ‘binding sensitivity’) was used to estimate fGMCs in samples
using Magellan software (version 2.6; Tecan Group Ltd., M€annedorf,
Switzerland). Faecal samples with concentrations exceeding this range
(typically >25 pg 20 lL1) were diluted to provide precise quantiﬁcation of metabolite concentrations. Final fGMCs were obtained by multiplying the measured raw fGMCs by their corresponding factor of
dilution and expressed as ng g1 of dry faecal matter.
We used two faecal control pools with relatively high and low metabolite concentrations (hereafter: ‘high pool’ and ‘low pool’) to monitor
intra-assay and interassay precision and potential changes in EIA accuracy. Stock solutions of pools and standards were renewed several
times (but never simultaneously) during the course of the study. Coeﬃcients of variation (CV) between old and new stocks never exceeded
10%, thus complying with the commonly accepted interassay coeﬃcient of variation (CVinterassay) of 20% (for details on this criterion, see
the section on EIA performance and for the CV formula, see Appendix
S1 in Supporting Information), and conﬁrming that renewals of stocks
were not associated with changes in pool concentrations nor with shifts
in EIA binding sensitivity. Assay plates were subdivided following a
design that was constant throughout the study, with speciﬁc wells
assigned to standard solutions, pools, blank controls, and faecal
extracts, respectively. All extracts and controls were assayed in duplicate and, as typically recommended (Wild 2013), measurements were
only accepted when duplicated values did not diﬀer by more than 5%
from their mean (i.e. CVintra-assay ≤5%). The concentrations of antibody
and tracer were changed during the course of the study, but all other
parameters of the experimental procedure and equipment were maintained constant.
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DATA ANALYSIS

Statistical procedures were performed using R software version 3.1.0
(R Development Core Team 2013). Results are quoted as
mean  standard deviation (SD), probabilities are for two-tailed tests,
the threshold for signiﬁcance was set at 5%, and 95% percentile conﬁdence intervals (CI95%) were calculated using a bootstrap method with
100 000 iterations (R package ‘boot’; Canty & Ripley 2014). For ordinary least squares (OLS) linear regressions, including analyses of covariance (ANCOVA), the distribution of residuals did not signiﬁcantly
deviate from normality (Shapiro–Wilk tests) and the variances were
homoscedastic (Breusch-Pagan tests and residuals plots; R package
‘car’; Fox & Weisberg 2011).

EIA PERFORMANCE DURING THE STUDY PERIOD

To assess whether the samples assayed during the entire study had
comparable fGMCs, we calculated the CVinterassay of the fGMCs
of the pools across all 23 plates. The CVinterassay of pools
(mean = 584  202%) exceeded the commonly applied criterion of
20% (e.g. Goymann et al. 1999; Bales et al. 2005; Ganswindt et al.
2005; Behie, Pavelka & Chapman 2010), indicating substantial variation in the accuracy of metabolite measurements during the study.
We then assessed separately for each of the three batches EIA
precision, stability of the accuracy of measurements, analytical sensitivity, quantitative resolution and binding sensitivity. CVintra-assay and
CVinterassay of pools did not exceed 5% and 20%, respectively, indicating that the precision of the EIA was high and the accuracy remained
stable within each batch of measurements (see Appendix S1 in Supporting Information). The results also indicated that the EIA maintained a
high analytical sensitivity and quantitative resolution throughout the
study. The binding sensitivity of the EIA was similar in July 2011 (range
of standard concentrations at 10–90% of binding: 05–289 pg
20 lL1) and September 2011 (range: 06–305 pg 20 lL1) but lower
in July 2013 (range: 09–405 pg 20 lL1; Fig. 1).

Fig. 1. Relationship between the percentage of binding of the tracer
and measured cortisol concentration in standards. Symbols correspond
to the mean  SD concentration in cortisol at 10, 20, 50, 80 and 90%
of binding of the tracer, for July 2011 (n = 5 standard curves), September 2011 (n = 5 standard curves) and July 2013 (n = 13 standard
curves).

We also tested for interference with non-antigenic material in samples because such ‘matrix eﬀects’ can disrupt the relationship between
measurements of metabolites and hormone standards when faecal
extracts are diluted. We applied two tests of parallelism which compared the slope of the calibration curve with that of the displacement
curve obtained from serial dilutions of faecal extracts (Kemeny & Challacombe 1988). One test was performed in July 2011 using two faecal
samples (‘A’ and ‘B’) that were extracted in 2011 and a second test was
performed in July 2013 using two faecal samples (‘C’ and ‘D’) that were
extracted in 2011 and 2012. Parallelism was validated for all four faecal
extracts (ANCOVA, P-value for comparison of the slopes: P = 008
for extract A; P = 086 for B; P = 015 for C and P = 051 for D), demonstrating that there were no matrix eﬀects on our measurements and
that the bias between measurements of metabolites and standards was
constant throughout the range of dilution of faecal extracts.

ESTABLISHMENT OF THE STANDARDIZATION
PROCEDURE

The standardization procedure consists of (i) identifying ‘clusters’ of
samples assayed with similar EIA accuracy and assigning the reference
cluster, (ii) choosing and re-assaying a subset of samples with the EIA
accuracy of the reference cluster, (iii) modelling the relationship
between initial and remeasured metabolite concentrations, (iv) testing
the predictive performance of the model and (v) standardizing the
metabolite concentrations of all samples from the cluster. The following sections detail how we established the method using our data set on
fGMCs in spotted hyenas.

Identifying clusters of samples assayed with similar EIA
accuracy and assigning the reference cluster
To identify plates that contain pools of similar concentrations (i.e. similar
accuracy) and determine which and how many faecal samples may need
to be re-assayed and standardized, we conducted a cluster analysis on all
measurements of fGMCs of the high and low pools simultaneously. We
performed a hierarchical clustering using Ward’s agglomeration method
on the dissimilarity matrix of Euclidean distances between the fGMCs of
pools from the 23 plates (R core package ‘stats’; Ward 1963; Murtagh &
Legendre 2014). This analysis identiﬁed two distinct clusters, referred to
as Cluster 1 and Cluster 2 (Fig. 2). Cluster 1 comprised the 10 plates
(n = 138 samples) assayed in July 2011 and September 2011 and Cluster
2 the 13 plates (n = 345 samples) assayed in July 2013. An alternative
analysis conducted on the fGMCs of each pool separately revealed similar results. To verify that each cluster conformed to the generally
accepted interassay variation in precision and accuracy of CVinterassay
≤20%, we calculated the CVinterassay of the pools in Cluster 1 and Cluster
2. The CVinterassay of pools in the two clusters each conformed to the level
of acceptance, indicating a stable EIA accuracy within each cluster
(Fig. 2). We assigned Cluster 2 as the reference cluster for the re-assaying
of samples and standardization of fGMCs because at the time of reassaying EIA accuracy corresponded to that of Cluster 2 (see following
section). The fGMCs of low and high pools increased by a factor of 75
and 27, respectively, between Cluster 1 and Cluster 2.

Re-assaying samples with the EIA accuracy of the reference
cluster
To establish our method, we re-assayed all 138 faecal samples of Cluster 1 within a few days after assaying the 345 samples of Cluster 2, using
the same solutions of standards and pools, and applying the same EIA
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July 2011
September 2011
July 2013

3

Following our tolerated variation in precision and accuracy of
repeated measurements of CVinterassay ≤20%, we considered model predictions to be reliable if the diﬀerence between predicted fGMCs and
their matched remeasured fGMCs did not exceed 20% (i.e. CVﬁt
≤20%). We further considered a model to have a satisfactory predictive
performance when at least 70% of samples had a CVﬁt ≤20%. The
cross-validation showed that 862% of samples (120 out of 138 samples) conformed to our criterion of CVﬁt.

2

Estimating the minimum number of samples to re-assay
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To estimate the minimum number of samples required to obtain reliable predictions, we generated data sets of decreasing size (i.e. from 138
to 10 samples) by choosing randomly, without replacement, a given
number of faecal samples among the complete data set of 138 samples.
We ﬁtted and cross-validated OLS linear regressions on these data sets.
The random sampling, model ﬁtting and cross-validation procedures
were reiterated 10 000 times for each data set. Results of the cross-validation of these models are illustrated in Fig. 3 for two diﬀerent criteria
of prediction reliability (i.e. CVﬁt ≤20% and CVﬁt ≤10%; see also Table
S2 in Appendix S1 in Supporting Information). The smallest data set to
reach our threshold for model acceptance (i.e. 70% of CVﬁt ≤20%) was
27 samples (Fig. 3).

Fig. 2. Dendrogram showing the hierarchical clustering of the concentration of faecal pools assayed on 23 plates. The two clusters of faecal
pools identiﬁed by the analysis are referred to as Cluster 1 and Cluster
2. CVinterassay (LP) and CVinterassay (HP) correspond to the interassay
coeﬃcient of variation for the low and high pool, respectively. Numbers (from 1 to 23) below the dendrogram refer to the code of the plate.

Applying and validating the standardization procedure with a
subset of 27 samples

protocol as for Cluster 2. Optical densities of standards and concentrations of pools run with the re-assayed samples were similar to those of
standards and pools run in Cluster 2 (CVinterassay <20%), conﬁrming a
stable EIA accuracy and binding sensitivity between Cluster 2 and reassaying. To avoid errors associated with diﬀerent extraction procedures and dilutions of sample extracts, all re-assays were performed
using the same sample extracts and dilutions as in Cluster 1.

fGMCremeasured ¼ 488 þ 121  fGMCinitial

To test the eﬀectiveness of the standardization based on a subset of
samples, we randomly chose 27 samples from our complete data set of
138 samples and ﬁtted an OLS linear regression to their initial and
remeasured fGMCs (adjusted r² = 065; n = 27; Fig. 4). The resulting
equation was as follows:
eqn 2

Modelling the relationship between initial and remeasured
concentrations using the complete data set
We modelled the relationship between the fGMCs initially measured in
Cluster 1 (fGMCinitial, as x) and the fGMCs remeasured with the accuracy of Cluster 2 (fGMCremeasured, as y) using an OLS linear regression
on raw measurements, that is, before multiplying fGMCs by their corresponding dilution factor (for a comparison with an alternative linear
model, see Appendix S1 in Supporting Information). The resulting
equation was as follows:
fGMCremeasured ¼ 422 þ 133  fGMCinitial

eqn 1

This model accounted well for the variation in remeasured fGMCs
(adjusted r² = 072; n = 138).

Cross-validating the model using the complete data set
We assessed the predictive performance of the model using a cross-validation procedure (R package ‘DAAG’; Maindonald & Braun 2014)
that divided the data set into three subsets of equal size. Alternately,
two subsets were grouped and used as ‘training’ sets to ﬁt an OLS linear
regression while the remaining subset was used as a ‘test’ set to assess
the reliability of predictions on an independent subset of samples.

Fig. 3. Variation in the predictive performance of OLS linear regressions with decreasing size of the data set. Results indicate the mean
(solid lines) and 95% conﬁdence interval (dotted lines) percentage of
faecal samples with a coeﬃcient of variation (CVﬁt) within the boundaries of CVﬁt ≤20% and CVﬁt ≤10%, calculated with 10 000 simulations. The red line with arrow indicates the smallest number of samples
to re-assay (here, n = 27) to obtain at least 70% of samples with a CVﬁt
≤20%. The x-axis is displayed on a logarithmic scale.
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Fig. 4. Relationship between initial and remeasured faecal glucocorticoid metabolite concentrations (fGMC) for a subset of 27 faecal samples. The black line is the OLS linear regression ﬁtted to predict fGMCs
in Cluster 2 (eqn 2: fGMCremeasured = 488 + 121 9 fGMCinitial,
adjusted r² = 065). The area shaded in green represents the 95% conﬁdence interval of the ﬁt.

The cross-validation of the model indicated that 889% of samples
(24 out of 27 samples) had a CVﬁt ≤20%, conﬁrming that our subset
was large enough to perform reliable standardization. Moreover, the
Pearson product–moment correlation coeﬃcient between predicted
and remeasured fGMCs for the model based on the subset of samples
was high (eqn 2, r = 081, n = 27) and did not diﬀer from the correlation obtained for the model based on the complete data set (eqn 1,
r = 085, n = 138; Fisher’s r to Z transformation; Z = 058,
P = 056).
We standardized the fGMCs of all 138 samples of Cluster 1 using
eqn 2 and rescaled the raw standardized concentrations into ﬁnal concentrations by multiplying them by their dilution factor. To test the
eﬀect of the variation in EIA accuracy on the quantiﬁcation of fGMCs,
assess the potential risk of misinterpreting results when fGMCs of different accuracy are combined, and verify that our standardization procedure eﬀectively reduced such risk, we compared the fGMCs of the
138 samples that were remeasured with the accuracy of Cluster 2 to (i)
their matched fGMCs initially measured in Cluster 1 and (ii) their
matched fGMCs after standardization on Cluster 2. As expected by the
observed increase in pool concentrations, the fGMCs remeasured with
the accuracy of Cluster 2 (median = 167 ng g1) were signiﬁcantly
higher than their matched fGMCs measured in Cluster 1
(median = 88 ng g1; Wilcoxon’s signed-rank test, V = 9591,
P < 00001; median of between-group diﬀerences = 744 ng g1,
CI95% = 676–833 ng g1; Fig. 5), but did not signiﬁcantly diﬀer from
their matched standardized fGMCs (median = 156 ng g1; V = 4494,
P = 052; median of between-group diﬀerences = 030 ng g1,
CI95% = 084 to 042 ng g1; Fig. 5).

Discussion
Our results conﬁrm that changes in EIA accuracy can bias
measurements of metabolite concentrations. Measurements
of varying accuracy should therefore be standardized

Fig. 5. Faecal glucocorticoid metabolite concentrations (fGMC) initially measured in Cluster 1, remeasured with the accuracy of Cluster 2
and standardized on Cluster 2 (n = 138). Boxes encompass interquartile ranges (ﬁrst to third quartiles around the median), horizontal lines
inside boxes represent medians, and whiskers are at 15 times the interquartile ranges. The y-axis is displayed on a logarithmic scale.

before being combined for statistical analysis. We showed
that our method reduced the diﬀerences in fGMCs caused
by the change in EIA accuracy between two clusters to a
non-signiﬁcant value, rendering all measurements of the
study comparable with each other. We further demonstrate
the reliability of the standardization procedure when only
a small subset of samples is re-assayed. To our knowledge,
this is the ﬁrst method to standardize metabolite concentrations when changes in accuracy occur within a given
EIA.
The method involves simple statistical procedures, applies
relevant and widely accepted criteria in endocrinology and can
be generalized to cases when two or more clusters require standardization (see Box 1 for a summary of the procedure).
Appropriate consideration should be given to the number of
samples to re-assay and the regression method applied to
model the relationship between initial and remeasured metabolite concentrations. The minimum number of samples to reassay is study speciﬁc and depends on various factors such as
the maximum intra-assay and interassay variation in precision
and accuracy that is tolerated (here, 5% and 20%, respectively), the threshold for model acceptance and the dispersion
of sample metabolite concentrations (Linnet 1999; Brown,
Walker & Steinman 2004). Here, we proposed a threshold for
model acceptance of 70% of samples complying with our criterion of prediction reliability, and this indicated a minimum
subset of 27 samples to be re-assayed. The model ﬁtted to 27
samples was as eﬀective at standardizing fGMCs as the model
for the complete data set, conﬁrming that this threshold was
suﬃcient in our case. A diﬀerent threshold may be better suited
to other data sets and scientiﬁc questions. Note, however, that
even when ﬁtted to the complete data set, the mean predictive
performance of our model never exceeded 875% (see Table
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Box 1. Procedure to standardize sample metabolite concentrations measured by EIAs

Step 1: Identify clusters of samples assayed with similar EIA accuracy

•

Deﬁne the EIA accuracy at the time of standardization as the reference accuracy. If unknown, run a plate with standards and pools to determine it.
Conduct a hierarchical cluster analysis on the concentration of pools of all plates and assign clusters based on the resulting dendrogram.
Calculate the interassay coeﬃcient of variation (CV) of pools for each cluster; subdivide clusters with CVs exceeding the criterion for similar
EIA accuracy (here, 20%). Repeat until all clusters have CVs that satisfy the criterion.
Deﬁne the cluster of samples assayed with the reference accuracy as the reference cluster and standardize samples from all other clusters on
this cluster.

•
•
•

Note: The following steps describe the procedure to standardize one cluster. If Step 1 indicates that more clusters should be standardized, repeat
Step 2 to Step 5 for each cluster.
Step 2: Choose and re-assay a subset of samples

•

Choose a subset of samples that is representative of all samples of the cluster and that can be re-assayed at the same dilution as when initially
assayed.
Re-assay the subset within a few days after the cluster analysis to ensure that the EIA accuracy of the subset and reference cluster is, similar.

•

Step 3: Model the relationship between initial and remeasured metabolite concentrations

•

Model the relationship between initial (x) and remeasured (y) concentrations of the subset of samples using raw measurements, that is, before
multiplying them by their dilution factor and retrieve the resulting equation (i.e. intercept and slope).
Step 4: Test the predictive performance of the model

•
•

Cross-validate the model and retrieve the predicted metabolite concentrations of the samples in the subset.
Set a criterion for prediction reliability that corresponds to the criterion for similar EIA accuracy (here, 20%) and compute the CVs of the predicted and remeasured metabolite concentrations for each sample in the subset.
Set a threshold for satisfying model predictive performance (here, 70%) and calculate the percentage of samples that conform to the criterion
for prediction reliability. If this threshold is not reached, re-assay more samples (i.e. restart from Step 2).

•

Step 5: Standardize the metabolite concentrations

•
•

Standardize the concentrations of all other samples of the cluster using the equation obtained in Step 3.
Rescale the standardized raw concentrations into ﬁnal concentrations by multiplying them by their dilution factor.

Note: R programing codes for each step of the standardization procedure are provided as Supporting Information in Appendix S2 (Supporting
Information).

S2, Appendix S1 in Supporting Information). We suggest
starting with a subset of approximately 27 samples and crossvalidating the ﬁtted model to assess a posteriori whether predictions are reliable or whether additional samples need to be
re-assayed. The approximate number of additional samples
required to reach the chosen threshold can be estimated with
the help of Table S2 (Appendix S1 in Supporting Information)
for two diﬀerent criteria of prediction reliability.
Whether the samples in the subset should be chosen in a random manner from the complete data set or randomly within
some stratiﬁcation may depend on the scientiﬁc question and
the distribution of metabolite concentrations in the cluster. If
measurements reﬂect diﬀerent treatments or categories of individuals (e.g. diet, age, sex, social status), samples should be randomly chosen within each treatment or category of individuals
(Pocock & Simon 1975). To avoid introducing errors owing to
diﬀerent dilution factors, we further recommend ﬁtting a
model on measured raw metabolite concentrations, that is, not
corrected for their dilution. The chosen subset should therefore
be restricted to samples that can be re-assayed at the same dilution as their initial measurement. The factor of change in concentration of the high and low pools between two clusters can

be used to estimate the highest and lowest initial raw metabolite concentration in samples that is likely to fall within the linear range of the calibration curve if remeasured at the same
dilution.
The relationship between initial and remeasured concentrations may in most cases be best described by a linear regression,
but other methods (e.g. polynomial) may give a better ﬁt
depending on how concentrations changed along with the
change in EIA accuracy. Alternatively, nonparametric regression techniques such as splines (Green & Silverman 1993) may
be applied. In our study, we only accepted measurements when
their duplicated values diﬀered by <5%. Applying a simple
OLS linear regression was as eﬀective at standardizing metabolite concentrations as a more complex model that explicitly
incorporated measurement errors (see Appendix S1 in Supporting Information). If a larger discrepancy between duplicated measurements is tolerated, OLS linear models may have
a lower predictive power than models that incorporate measurement errors on both axes.
The standardization relies on the ability to track changes in
EIA accuracy using the metabolite concentration of pools. It is
thus important to be able to dismiss the eﬀect of erroneous
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preparation of hormone standard and pool solutions on
metabolite measurements. To facilitate this, we highly recommend preparing new stock solutions of pools and standards
before the old stocks are depleted and assaying them together
on a transition plate to ensure that new solutions give similar
results to the old ones (Brown, Walker & Steinman 2004).
When old and new stock solutions of pools are prepared based
on diﬀerent faecal or urinary samples, for example when the
original samples are depleted, such a procedure allows to
adjust the dilution of new solutions to match the concentration
of old pools or, alternatively, to calculate a factor of change
between old and new pools. The evaluation of the performance
of our EIA indicated that the EIA remained highly precise and
sensitive throughout the study. The validation of parallelism at
the beginning and end of the study conﬁrmed the absence of
matrix eﬀects that could have been associated with the extraction procedure, denaturation of the antibody or changes in the
structure of metabolites in faecal extracts over time. Renewal
of stock solutions of standards and faecal pools did not coincide with changes in the optical densities of standards or with
changes in the metabolite concentration of pools. Finally, the
switch in laboratory personnel that occurred between the two
clusters is unlikely to be the cause of the change in EIA accuracy because several technicians used the same EIA during our
study and all experienced a similar change in binding sensitivity
and accuracy. The observed change in accuracy and binding
sensitivity between the two clusters thus most probably
resulted from adjustments in the concentration of antibody
and tracer and potential (uncontrolled) ﬂuctuations in environmental conditions (e.g. room temperature).
Our assessment of the standardization procedure was based
on re-assaying a subset of samples after some time had elapsed
(18 months and more). Ageing of faecal samples, that is, the
latencies between sample collection, storage, extraction and
assaying, may alter metabolite concentration owing to naturally occurring faecal bacteria that may decompose steroid
metabolites after defaecation (M€
ostl & Palme 2002). Applying
appropriate treatment, storage and extraction procedures can
stabilise hormone metabolites for long periods of time, possibly for many years. Here, we applied the recommended treatment and storage procedures for faecal steroids (Khan et al.
2002; Terio et al. 2002; Hunt & Wasser 2003; Lynch et al.
2003; Millspaugh & Washburn 2004; Kalbitzer & Heistermann
2013) and found that the increase in fGMC of sample extracts
was consistent with that of pools, suggesting that the age of
extracts had no or only a minor inﬂuence on the measurements.
Quantifying the absolute accuracy of metabolite measurements is diﬃcult because the chemical structure and binding
aﬃnity of metabolites are usually unknown. We therefore cannot determine whether the initial or the remeasured metabolite
concentrations are more accurate. This is usually of little relevance in studies in ecology and evolution where a similar level
of EIA accuracy and comparable measurements are more
important than a high EIA accuracy in absolute terms (Lynch
et al. 2003). Methods have been developed within the context
of clinical studies and studies in conservation medicine to

compare and harmonise measurements of plasma hormones
obtained with diﬀerent EIAs (Bidlingmaier & Freda 2010).
However, the global application of such harmonisation methods may be limited because they are often based on the systematic re-assaying of complete sets of samples, are not aimed at
predicting standardized concentrations and rarely consider
intra-EIA changes in accuracy, sensitivity or precision that
would aﬀect the harmonisation procedure over time (M€
uller
et al. 2011).
Our standardization method may be particularly useful for
collaborative projects that share the laboratory workload
between diﬀerent facilities and are likely to experience variation in EIA performance and accuracy, and for long-term and
longitudinal studies that typically deal with large data sets and
may not be able to re-assay all samples whenever new samples
are collected or a new research question is investigated. Moreover, because this method only requires the re-assaying of a
subset of samples, it allows the standardization of the initial
measurements of samples that are no longer available. This
can signiﬁcantly increase sample sizes, enhance the power of
statistical analyses and allow the inclusion of a larger number
of covariates in statistical models, which may be important for
a better understanding of complex processes.
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