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Summary

1. Methods to measure metabolites of steroid hormones from faeces have become very popular in

wildlife conservation and ecology, because they allow gathering physiological data without the

necessity to capture the animals. However, this advantage comes at costs that are particularly rele-

vant when studying free-living animals in their natural environments. Previous methodological

reviews have stressed the importance of validations to prove that real metabolites of the hormone in

question are measured, but the research community has largely ignored further caveats relating to

sex, diet, metabolic rate and individual differences in hormonemetabolite formation.

2. Often the sexes differ in how they metabolize hormones. As a consequence, one may not be able

to compare hormonemetabolite concentrations betweenmales and females of one species.

3. Diet can alter the way hormones are metabolized, and different diets can change the amount of

faecal bulk. Both phenomena can result inmeasurement artefacts thatmay seriously distort the esti-

mation of hormone metabolite concentrations. As a consequence, comparisons of hormone metab-

olite concentrations, for example, between seasons or populations, may become problematic.

4. Changes in ambient temperature and food availability may trigger large fluctuations in meta-

bolic rate of free-living animals. These fluctuations may then result in major distortions of faecal

hormonemetabolite concentrations without any change in bioactive hormone levels.

5. Bacteria metabolize hormones in the gut. Individual differences in bacterial composition can

cause differences in how hormones are decomposed. Thus, individuals may differ with regard to

what kind of hormone metabolites they form and with regard to the relative composition of these

hormonemetabolites. As only specificmetabolites are measured, differences inmetabolismmay dis-

tort the results.

6. In summary, non-invasive hormone research measures various end products of a hormone after

its clearance from the circulation and extensive modification by bacteria. Not only does this increase

random variance, it may also generate systematic noise, which may seriously distort the signal (i.e.

the hormonal status of the individual) in a non-random manner. Thus, we still need to learn much

more about whether this widely used technique reliablymeasures the physiological status of animals

in uncontrolled environments.
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Introduction

With somedelay after their development (Taylor 1971;Czekala

&Lasley1977;Bercovitz et al.1982;Möstl et al.1984)methods

for measuring steroid hormonemetabolites from animal excre-

ments have become very popular in studies ofwildlife conserva-

tion andphysiological ecology during the past decade. For field

researchers, it is very attractive to be able to link the physiologi-

cal status of wild animals to behaviour or other life-history

traits without the necessity for capture, restraint and taking

invasive samples. This is a clear advantage of this method com-

paredwith traditional measures of reproductive and stress hor-

mones obtained from serum or plasma samples. A further

advantage of non-invasive methods is that sampling does not*Correspondence author. E-mail: goymann@orn.mpg.de
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necessarily interfere with the natural behaviour of the animals.

Hence, the boom of non-invasive hormone metabolite mea-

surements in recent years comes as no surprise. Unfortunately,

however, the advantages of non-invasive hormone research

come at costs that are particularly relevant when studying ani-

mals in uncontrolled environments. But surprisingly, there is

little debate about these caveats. The aim of this article is to

point out the limitations and pitfalls that have not yet been

addressed and continue to be neglected by the research commu-

nity. Ecologists and conservation scientists need to be aware of

these issues because they may affect the interpretation of hor-

monemetabolite data obtained fromwild, free-living animals. I

will focus on hormone metabolite measurements from faeces

(in mammals) and droppings (i.e. the mixture of urine and fae-

ces in the cloaca of birds, reptiles or amphibians), but some of

the issues are also relevantwith respect tourinary analyses.

A number of published reviews and guidelines on non-inva-

sive hormone research have sufficiently highlighted the impor-

tance of proper biological and physiological validations (e.g.

Goymann 2005; Palme 2005; Touma & Palme 2005; Wieleb-

nowski &Watters 2007; Scott et al. 2008; Sheriff, Krebs & Bo-

onstra 2010; Sheriff et al. 2011). Hence, I will only briefly

touch upon this highly relevant topic. The main focus of this

contribution will be on further issues, namely effects of sex,

diet, metabolic rate and individual differences in hormone

metabolism on themeasurement of hormonemetabolite levels.

These topics are of paramount importance particularly with

respect to research in uncontrolled environments, that is, eco-

logical- and conservation-oriented research on wild animals in

their natural habitats. To my knowledge, the implications of

these factors have hardly been touched upon.

Hormones vs. hormone metabolites – a crucial
difference

Measuring plasma or serum hormone concentrations means

to measure the actual hormone, that is, a signal molecule that

is transported in the blood and binds to specific receptors in

target tissues. There, the hormone mediates some kind of

effect, such as altering the cell activity or leading to protein

synthesis (e.g. Bentley 1998; Nelson 2011). In contrast, non-

invasive measurements of steroid hormone metabolites do not

capture the active signalling molecule. Instead, these methods

measure various metabolic end products of the hormone after

it has been cleared from the circulation and extensively modi-

fied by bacteria in the gut (see e.g. Taylor 1971; Goymann

2005; Klasing 2005; Palme et al. 2005; Hirschenhauser et al. in

press). During this metabolic process, a specific hormone is

typically broken down into various metabolites (Palme 2005),

which are then measured in faeces or droppings. This fact is

the source of many complications that need to be considered

for a meaningful interpretation of hormone metabolite data.

Physiological and biological validations

A convenient, economic (and thus common) method to deter-

mine steroid hormone levels is via immunoassay. With this

method, the hormone (antigen) in the sample is bound to a spe-

cific antibody against this antigen and detected either through

enzymatic (enzyme-immunoassay) or radioactive labelling

(radio-immunoassay). The concentration of the hormone is

then determined using a calibrated standard curve of the same

hormone (for details see, e.g. Chard 1995). In a medium such

as blood plasma, this usually works quite well. Here, the

steroid hormone in question occurs in relatively high

concentrations in its biologically active form. Potential cross-

reactions of the specific antibody with structurally similar

antigens are negligible, because these cross-reacting substances

(for example, structurally similar metabolites of the steroid

hormone) occur only in low concentrations compared with the

active hormone. In contrast, excrements from animals are

composed of myriads of substances including hormonemetab-

olites. In faeces or droppings, the metabolites of steroid

hormones occur at much higher concentrations than the origi-

nal and biologically active steroid (e.g. Palme et al. 2005;

Touma & Palme 2005). In fact, the original steroid is typically

completely metabolized so that it is no longer present in faeces

or droppings at all (e.g. Graham & Brown 1996; Palme et al.

1996; Wasser et al. 1996; Goymann, Möstl & Gwinner

2002a,b;Möhle et al. 2002; Baltic et al. 2005; Thiel, Jenni-Eier-

mann & Palme 2005; Dantzer et al. 2011; Hirschenhauser

et al. in press). As long as the assays’ antibody cross-reacts

only with substances that are true metabolites of the original

hormone, the problem is a minor one. However, if the

antibody cross-reacts with metabolites of structurally similar

but functionally different hormones, this can have major and

distorting impacts on the results of the study. Thus, ameaning-

ful immunoassay for hormonemetabolites relies on substantial

cross-reactivity of the assays’ antibody with one or several

main metabolites of the steroid in question, while at the same

time, the antibody should not react with metabolites of other

steroids. As a consequence, assays tomeasure hormonemetab-

olites require a careful physiological or biological validation to

demonstrate the assay system’s capability to detect relevant

metabolites only. This topic has been extensively dealt with in

the literature (Goymann 2005; Möstl, Rettenbacher & Palme

2005; Palme 2005; Touma & Palme 2005; Wielebnowski &

Watters 2007; Scott et al. 2008; Sheriff, Krebs & Boonstra

2010; Sheriff et al. 2011), but unfortunately, papers without

these essential validations continue to get published even in

high-quality journals (e.g. Langmore, Cockrem & Candy

2002; Lucas et al. 2006; Sorato & Kotrschal 2006; Stöwe et al.

2008; Arlet et al. 2011; Selva et al. 2011; Ezenwa, Ekernas &

Creel 2012).Many authors, editors and referees do not seem to

be sufficiently aware of this essential validation requirement,

whichmight result in the publication of seriously flawed data.

Sex differences and hormone metabolite
excretion

A number of studies have reported sex differences in the com-

position of hormone metabolites, that is, females and males

metabolize the same hormone differently and excrete different

metabolites of this hormone. For example, females and males
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excrete different kinds of corticosterone metabolites in mice

(Mus musculus; Touma et al. 2003), domestic chicken (Gallus

gallus; Rettenbacher et al. 2004), black grouse (Tetrao tetrix;

Baltic et al. 2005), Japanese quail (Coturnix japonica;

Hirschenhauser et al. in press) and European stonechats

(Saxicola torquatus; Goymann, Möstl & Gwinner 2002a). Sex

differences also exist in the excretion of androgen metabolites.

For example, male and female European stonechats metabo-

lize testosterone differently; as a result, testosterone metabolite

measurements from droppings reflect testosterone production

in males, but not in females of this species (Goymann,Möstl &

Gwinner 2002b; Goymann 2005). Recently, Preis et al. (2011)

very elegantly demonstrated that an immunoassay to measure

testosterone metabolites in the urine of chimpanzees (Pan trog-

lodytes) does indeed detect testosterone metabolites of gonadal

origin in males. In female chimpanzees, however, the same

immunoassay detects androgen metabolites of adrenocortical

origin. Thus, the information gained from androgen metabo-

lites in urine of male chimpanzees is related to reproduction,

whereas the information gathered from androgen metabolites

of female chimpanzeesmay rather be related to stress.

Surprisingly, the fact that the sexes differ in how theymetab-

olize hormones has resulted in little debate (but seeMillspaugh

& Washburn 2004; Goymann 2005), even though the conse-

quences are far-reaching. First of all, sex differences in the hor-

mone metabolism suggest that biological and physiological

validations of hormone metabolite measurements may need to

be performed for each sex separately. Secondly, if there are sex

differences in how hormones are metabolized and if a particu-

lar immunoassay picks up different metabolites in females and

males (or only metabolites of a particular hormone in one sex),

then a quantitative comparison of absolute hormone metabo-

lite concentrations between the sexes does not make sense.

Such comparisons merely reflect the magnitude of cross-reac-

tivity of the antibody with particular and sex-specific hormone

metabolites, but not an actual difference in hormone levels

between the sexes (Fig. 1). Thus, these data neither carry any

meaningful biological information regarding the physiological

ecology of animals nor would they be relevant for questions

concerning conservation.

Diet and hormone metabolite excretion

Only few studies have investigated the potential impact of diet

on hormone metabolites in excrements. In dairy cattle, chang-

ing the amount of dry matter in the diet did not affect faecal

progesterone metabolite concentrations (Rabiee et al. 2002),

but may have affected glucocorticoid metabolites (Morrow

et al. 2002). In humans, a vegetarian diet high in fibres and low

in fats increased oestrogen metabolite excretion (Goldin et al.

1981, 1982; Gorbach &Goldin 1987; Pusateri et al. 1990). The

authors ascribed this effect to differences in the composition of

bacteria in the gut of non-vegetarians and vegetarians, which

may have resulted in a lower reabsorption of oestrogen conju-

gates and thus a higher excretion of oestrogen metabolites in

people with a vegetarian diet (Pusateri et al. 1990). Similar to

humans, an increase in dietary fibre increased testosterone and

(a)

(b)

Fig. 1. Potential differences between the sexes in hormone metabolite

formation. The scheme represents an immunoassays’ antibody reac-

tion with hormones in blood or hormone metabolites in faeces or

droppings. A specific antibody (blue square) detects the native steroid

hormone (red triangles) in blood plasma from females and males. (a)

In the first scenario, the concentration of the respective steroid hor-

mone is similar in the plasma of females andmales. Hence, the immu-

noassay correctly measures that there are no sex differences (bar

graph with red bars). In faeces or droppings, the native hormone is

metabolized to various compounds in a sex-specific manner (green

symbols). However, only some of these metabolic compounds react

with the antibody of the immunoassay. Females and males differ in

how they metabolize the original hormone. Because the antibody

picks up only some of these metabolites, the concentration of hor-

mone metabolites differs between the sexes (bar graph with green

bars). This is correct with respect to the particular metabolites mea-

sured, but does not carry biologically meaningful information with

respect to sex differences in hormone concentrations. (b) In the

second scenario, the concentration of the respective steroid hormone

differs in the plasma of females and males (red triangles). Hence, the

immunoassay correctly measures an existing sex difference (bar graph

with red bars). In addition, females secrete a second but structurally

similar hormone (red trapezoids) not detected by the antibody. In fae-

ces or droppings, the two hormones are metabolized to various com-

pounds. Some of the metabolites of the other female-specific

hormone cross-react with the antibody (green symbols). As a result,

there are no differences in hormone metabolite concentrations (bar

graph with green bars). Again, this is correct with respect to the par-

ticular metabolites measured, but does not carry biologically mean-

ingful information with respect to existing sex differences in target

hormone concentrations.
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corticosteronemetabolite concentrations in faeces of red squir-

rels (Tamiasciurus hudsonicus; Dantzer et al. 2011).

In contrast to these results, an increase in dietary fibre led to

a decrease in the amount of excreted progesterone metabolites

per unit of faecalmass in baboons (Papio cynocephalus;Wasser

et al. 1993), and experimentally adding fibres to food

decreased corticosterone and testosterone metabolite concen-

trations in droppings of European stonechats (Goymann

2005). In baboons and stonechats, the high-fibre diet probably

led to an increase in gut passage time and, more importantly,

to an increase in excrement mass (because of the indigestible

fibres). This means that the same amount of hormone metabo-

lites per unit of time was placed into a larger amount of faeces

or droppings per unit of time. This resulted in a lower concen-

tration of hormone metabolites, as the concentration is typi-

cally expressed with reference to faecal or dropping mass

(particularly in studies of free-living animals; see also Fig. 2).

For stonechats, this was tested by calculating the hourly excre-

tion rate of hormone metabolites. This measure is independent

of excrementmass, and in fact, when this measure was applied,

there was no difference in the excretion rate of corticosterone

and testosterone metabolites between the high-fibre and the

low-fibre group (Goymann 2005). In conclusion, there is some

correlational and experimental evidence that changes in die-

tary composition content may influence the measurement of

hormonemetabolite levels.

Free-living animals often show large seasonal differences in

the type and quantity of foods they consume. For example,

many otherwise insectivorous birds rely on nectar and pollen

in spring (Schwilch et al. 2001; Cecere et al. 2011) and berries

or fruits in autumn (Bairlein 2002; McWilliams & Karasov

2005). Even dairy cows ingest different kinds of food in spring

and autumn, which seems to affect gut passage time (Morrow

et al. 2002). Also, the size and composition of the digestive

tract may change during the year, especially in long-distance

migrants (Gasaway 1976; Hume & Biebach 1996; Piersma &

Lindström 1997; Bairlein 1999; Piersma &Drent 2003; Bauch-

inger, Wohlmann & Biebach 2005; McWilliams & Karasov

2005). Capercaillies (Tetrao urogallus) living in pine forests

expressed higher levels of glucocorticoid metabolite levels than

those living in spruce forests, suggesting that the different diets

may have affected hormone metabolism (Thiel et al. 2011).

A striking example in mammals comes from a study on Alas-

kan brown bears (Ursus arctos horribilis). These bears feed on

a range of diets from pure grass, berries or meat to amixed diet

including all of these items. The best predictor of faecal gluco-

corticoid metabolite concentrations of brown bears was diet

(von der Ohe et al. 2004), suggesting that the type of diet deter-

mined hormone metabolite formation. Thus, the gut of a

brownbear feedingmainly on berries formed differentmetabo-

lites of cortisol, the major glucocorticoid, than the gut of a

brown bear feeding on meat. As the antibodies of immunoas-

says cross-react only with some of these metabolites, it may be

difficult or even impossible to compare berry-eating bears with

meat-eating bears. The two types of bears may not differ with

respect to their levels of plasma cortisol, but if the immunoas-

says’ antibody shows a higher cross-reactivity with cortisol

metabolites formed in the guts of meat-eating bears than with

cortisol metabolites formed in the guts of berry-eating bears,

this will result in significant differences in glucocorticoid

metabolite concentrations. These differences, however, have

no meaning with regard to the physiological status of the

brown bear. They are nothing but artefacts of the hormone

metabolite measurement without any meaningful relationship

to circulating hormone levels. The same study on brown bears

also highlighted the potential importance of absorption and

excretion of steroids directly ingested with the diet. Faecal glu-

cocorticoid metabolite levels of meat-eating brown bears were

highest during the time of salmon spawning, that is, the time

when glucocorticoid levels of salmons were maximal (von der

Ohe et al. 2004).

In summary, comparisons of hormone metabolite concen-

trations between seasons when the type of food available

and ⁄or the amount of food ingested differs or comparisons

between populations with access to different types and quality

of food can be problematic: any differences in hormone

Fig. 2. Schematic representation of the influence of metabolic rate on

hormone metabolite measurements. The left bird has a high meta-

bolic rate and consumes a large amount of food (large yellow circle).

The right bird has a lowmetabolic rate and consumes a small amount

of food (small yellow circle). Both birds do not differ with respect to

plasma hormone concentration (red symbols and central bar graph)

and the amount of hormone metabolite production (green symbols

inside the brown ‘droppings’, and lower right bar graph). However,

because of its higher metabolic rate and food intake, the left bird puts

the same amount of hormone metabolites into a larger dropping

(brown circles). Because the concentration of hormone metabolites is

expressed with respect to droppingmass as a reference, the concentra-

tion of hormone metabolites is lower in the bird with the higher meta-

bolic rate than the bird with the lower metabolic rate (lower left bar

graph). Thus, in this case, the concentration measurement of hor-

mone metabolites underestimates the true hormone concentration of

birds with a higher metabolic rate and overestimates the hormone

concentration of birds with a lower metabolic rate. Such situations

may be very common. For example, the metabolic rate of warm-

blooded mammals and birds may increase substantially when ambi-

ent temperatures drop. Alternatively, during periods of low food

availability, some organisms gain most of their energy from body

reserves – mainly fat tissue – while feeding less. This means they

drastically reduce food and water intake with subsequent changes in

faeces and urine production.

760 W. Goymann

� 2012 The Authors. Methods in Ecology and Evolution � 2012 British Ecological Society, Methods in Ecology and Evolution, 3, 757–765



metabolite concentrations may not reflect true differences in

bioactive hormone levels, but may represent artefacts of diet.

The potential influence of type and quality of food on hormone

metabolite concentrations is not only relevant for studies in

physiological ecology, but may also impact conservation

related research, for example, when comparing hormone

metabolite profiles of animals in undisturbed and disturbed

habitats (e.g. Wasser et al. 1997; Lucas et al. 2006) that may

differ in the kind and quality of available food.

Metabolic rate, food intake and hormone
metabolite excretion

Warm-blooded animals that live in harsh and highly seasonal

environments face the problem that the energetic costs for

maintaining a high body temperature are higher, and food

availability is lower in winter compared with that in summer.

Thus, animals living in seasonal environments undergo major

changes in physiology andmetabolic rate during their life cycle

(McNab 2002).Many small mammals cope with this challenge

by daily torpor or hibernation. In birds and mammals that

maintain a high body temperature also during winter, daily

and seasonal fluctuations in ambient temperature may have a

large effect on energy metabolism (Dawson, Marsh & Yacoe

1983; McNab 2002). For example, upon cessation of herbage

growth during winter, deer and other large herbivores are con-

fronted with a nutritional bottleneck and, as a consequence,

reduce food intake, body temperature and metabolic rate (e.g.

Milne et al. 1978; Freudenberger et al. 1993; Arnold et al.

2004; Arnold, Ruf & Kuntz 2006; Kuntz et al. 2006). Such

differences in food intake and metabolism may have large

effects on hormone metabolite measurements, but have

received astonishingly little attention. And again, to know

about such effects would be particularly useful for all studies

conducted in ‘uncontrolled’ natural environments, where fluc-

tuations in food intake andmetabolic rates are the norm rather

than the exception (but even under constant temperature con-

ditions in the laboratory animals still exhibit seasonal changes

in metabolism and food intake; see for example Goymann &

Trappschuh 2011). I am aware of just one study addressing this

topic: In this experiment, European stonechats were main-

tained at an ambient temperature of either +5 �C or +22 �C
(Goymann et al. 2006). This difference in ambient temperature

corresponded to a change in resting metabolic rate of more

than 30% in this species (Tieleman 2007). At +5 �C, the food
intake of stonechats was about twice as high compared with an

ambient temperature of +22 �C. As a consequence, also the

amount of excreted droppings changed: at +5 �C, the dry

weight of droppings almost doubled compared with the

+22 �C condition. As faecal or dropping dry weight is used as

the standard reference to calculate hormone metabolite con-

centrations (e.g. in nanogram hormone metabolite per milli-

gram of droppings or faeces), the change in droppingmass had

a large effect on hormone metabolite concentration (see Fig. 2

for a schematic illustration of the effect). While the plasma

levels of testosterone and corticosterone did not differ between

stonechats maintained at +5 �C or +22 �C, there was a huge

difference in hormone metabolites: the concentrations of tes-

tosterone and corticosterone metabolites were less than half as

high at+5 �C compared with+22 �C. This effect was entirely
driven by the change in dropping drymass. If the excretion rate

of hormone metabolites was considered (by replacing drop-

ping dry mass with time as a reference for the amount of hor-

mone metabolites excreted), the difference between treatments

disappeared (Goymann et al. 2006). Hence, the change in met-

abolic rate caused by themanipulation of ambient temperature

did not alter hormone concentrations or the rate of hormone

metabolite excretion. However, the concentration of hormone

metabolites could not be used as a reliable proxy for circulating

hormone levels, because the change in metabolic rate with a

subsequent change in food intake and dropping production

rendered dropping dry weight an invalid reference for the esti-

mation of hormone metabolite concentration in stonechats.

Other studies in different species also concluded that the rate of

excretion may be more reliable than the concentration (e.g.

Royo et al. 2004; Cavigelli et al. 2005; Carlsson et al. 2007;

but see Lepschy, Touma & Palme 2010), but it is unknown

how influential metabolic rate is in distorting hormone metab-

olite patterns in species larger than stonechats.

What do these results imply for studies conducted in uncon-

trolled natural environments? In a northern temperate climate,

a difference in ambient temperature between +5 �C
and+22 �C corresponds to the difference between a warm and

a cold day during spring or fall, or the difference between night

and day within these seasons. Hence, such differences in ambi-

ent temperature are quite common, but could cause major

differences in hormone metabolite concentrations without any

change in bioactive hormone levels. Thus, these huge differ-

ences in hormone metabolite concentrations would not carry

any meaningful information with respect to the hormonal

status of the individuals compared. If an animal lowers its

energy expenditure when the ambient temperature drops, the

effects on hormone metabolite levels may become even more

complicated.

Measuring the excretion rate of hormone metabolites

instead of the concentration is a good solution for the labora-

tory, but quite difficult in the field. Hence, field investigators

will have to rely on concentration measurements, but should

be aware that environmental variables such as ambient temper-

ature or internal variables that change the metabolic state of

the study organism could impact their results. Thus, scientists

may be well advised to consider alternative explanations when

they find differences in hormone metabolite concentrations,

for example, between seasons, according to time of day or

depending on weather conditions. The effect of ambient tem-

perature on metabolic rate is probably more severe in smaller

than in larger birds or mammals. Reptiles and amphibians

may be even more problematic because of potentially larger

fluctuations in core body temperature and very irregular feed-

ing events. Also, any other factors that may systematically

affect metabolic rate, food intake or excrement output need to

be considered. For example, most vertebrates cycle through a

number of life-history stages that are associated with particu-

larly high or low metabolic rates, such as breeding, moult and
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migration in birds, or pregnancy, lactation and hibernation in

mammals. Thus, any of these life-history stages could lead to

differences in hormone metabolite concentrations, without

these differences necessarily corresponding to changes in circu-

lating hormone levels.

Bacterial degradation and hormone metabolite
excretion

The metabolites of steroid hormones that are measured in

faeces or droppings are the products of extensive modification

by bacteria in the gut (e.g. Taylor 1971; Klasing 2005; Palme

2005; Palme et al. 2005; Thiel, Jenni-Eiermann& Palme 2005).

Modification by bacteria has also been made responsible for

changes in hormone metabolite concentrations during storage

of faecal samples (Khan et al. 2002; Hunt & Wasser 2003;

Lexen et al. 2008). As a consequence, one should expect that

the composition of bacteria should influence the type and

quantity of hormone metabolites. Thus, the kind of hormone

metabolites and the relative composition of these hormone

metabolites may differ between individuals depending on the

suite of gut bacteria (Fig. 3). Further, the composition of gut

bacteria may change between seasons, for example, with a

switch in diets. To my knowledge, few studies in non-invasive

hormone research have addressed the question of whether indi-

viduals differ in how they metabolize steroid hormones. Fur-

thermore, none of these few studies discussed the potential

implications and consequences of such differences for the

reliability of non-invasive hormone metabolite data, which

could be huge (Fig. 3). The typical approach for estimating

variability in hormone metabolism is to inject animals with a

radiolabelled hormone, find the metabolites of this radiola-

belled hormone in the faeces or droppings and then identify

the cross-reactivity of the assays’ antibody with these radiola-

belled metabolites (e.g. Goymann 2005). Touma et al. (2003)

injected 24mice with radiolabelled corticosterone. The authors

report ‘some individual differences concerning the relative

proportions of excreted metabolites’ (p. 273), but do not further

specify these differences. In laboratory rats, Bamberg, Palme&

Meingassner (2001) report ‘high individual variability of the rel-

ative amounts of the metabolites present’ (p. 310), and also,

Rettenbacher et al. (2004) state that individual chicken differed

with respect to the quantity of 15 identified metabolites of cor-

ticosterone. Given that these studies refer to laboratory or

farm animals fed on standard diets, onemay expect that poten-

tial individual differences in the kind of metabolites excreted

could be much more pronounced in free-living animals with

more variable diets. The bacterial composition in the gut drives

some of the differences in metabolite formation that have been

observed between humans with different diets (Pusateri et al.

1990) and are probably also responsible for some of the differ-

ences between the sexes. Differences in bacterial metabolism

could also explain some of the oddities observed in hormone

metabolite levels as described by some authors. For example,

in a study by Dloniak et al. (2004), one particular female

spotted hyena consistently had more than 10-fold higher levels

Fig. 3. Schematic representation of individual differences in hormone metabolism because of differences in gut bacterial composition. Indivi-

dual 1 and individual 2 excrete the same kind of four different metabolites (A–D) of a steroid hormone; individual 3 excretes an additional

metabolite (E). The total amount of excreted hormone metabolites is identical between all three individuals (blue and green bars in the upper

3 graphs), but the relative amounts of hormone metabolites differ. Individual 1 excretes a high proportion of metabolite B and a low pro-

portion of metabolite C. In contrast, individual 2 excretes a low proportion of B and a high proportion of C. Individual 3 excretes a lower

proportion of D than the other two individuals, compensated by a higher excretion of E. The assay is only capable of detecting metabolites B

and E (blue bars). As a consequence, the assay measures high concentrations in individual 1, intermediate concentrations in individual 3 and

low concentrations in individual 2. This result is an incorrect estimate of the physiological status of the three individuals, because all of them

excrete the same total amount of hormone metabolites.
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of testosterone metabolites than other individuals (even males

that have much higher levels of plasma testosterone than

females; Goymann, East & Hofer 2001), but it is rather unli-

kely that these differences would correspond with real differ-

ences in plasma hormone levels.

In summary, further studies are needed to find out how large

the impact of individual differences in steroid hormone metab-

olism is on the accuracy and comparability of hormonemetab-

olite measurements. In the worst case, metabolite formation

may differ between individual to such an extent that a compari-

son of immunoreactive hormone metabolite concentrations

may not be valid.While this is particularly problematic in com-

parisons between individuals, it could also be worrying on a

population level: if individuals that differ in how they degrade

hormones are unequally distributed between samples, this may

systematically distort the results. We need studies that system-

atically compare the metabolism of steroid hormones in vari-

ous individuals of the same species and sex and under different

food conditions. Further, individual differences in hormone

metabolism should be correlated with differences in the com-

position of gut bacteria.

Conclusion

Owing to their non-invasiveness, studies of hormone metabo-

lite levels have become very popular in ecology and conserva-

tion research. This huge advantage compared with traditional

measurements of hormones from serum or plasma comes with

some caveats, however. Hormone metabolites in urine, faeces

or droppings represent the end point of hormone metabolism

and – in contrast to plasma – do not measure the actual signal-

ling molecule. External and internal variables unrelated to the

endocrine status of the individual can influence the composi-

tion and concentration of these metabolites. Despite the fact

that measuring hormone metabolites has developed into a

standard technique, we need to learn much more especially

with respect to using this method in uncontrolled environ-

ments. Urging questions include the ones raised here (sex, diet,

metabolic rate and bacterial degradation), but also others. For

example, defaecation rates may change between seasons,

between different times of the day or during stressful events.

These factors could distort hormone metabolite measurements

(see Goymann & Trappschuh (2011) for a detailed discussion

of time of day and season). Further, circulating hormone levels

may showdiel rhythms.As the excretion of faeces or droppings

may also vary with time of day, the two effects may either rein-

force each other or cancel each other out. Further, at least in

birds, it has been shown that hormone metabolite levels vary

from dropping to dropping, suggesting that hormone metabo-

lite levels should be based on several droppings (Klasing 2005;

Scheiber, Kralj &Kotrschal 2005).

It is particularly important to realize that the factors dis-

cussed here do not just increase the random noise of hormone

metabolite measurements. Random noise would only increase

the variance (=noise) around the signal of hormone metabo-

lite levels (signal in this context means that differences in

hormone metabolite levels correspond to real differences in

circulating hormone concentrations). Rather, the factors dis-

cussed here can generate systematic error that would seriously

distort the potential signal of hormone metabolite levels in a

non-random manner. For example, if a seasonal change in

ambient temperature causes a change in metabolic rate, this

can systematically alter hormone excretion patterns. As a con-

sequence, comparisons between seasons may no longer be

meaningful (Goymann et al. 2006). In conclusion, in cases

where this is possible, it may be well worth the additional effort

necessary to catch an animal and take a blood sample for mea-

suring the actual hormone (the active signalling molecule with

a biological function). There is far less potential for systematic

error in this measure compared with struggling with the delica-

cies of hormone metabolites in faeces or droppings. In cases

where it is not possible to measure hormones from serum or

plasma, extreme caution is required in the interpretation of

hormonemetabolite data.
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Goymann,W.,Möstl, E. &Gwinner, E. (2002b)Non-invasivemethods tomea-

sure androgen metabolites in excrements of European stonechats, Saxicola

torquata rubicola.General and Comparative Endocrinology, 129, 80–87.

Goymann, W. & Trappschuh, M. (2011) Seasonal and diel variation of hor-

mone metabolites in European stonechats: on the importance of high signal-

to-noise ratios in noninvasive hormone studies. Journal of Biological

Rhythms, 26, 44–54.

Goymann, W., Trappschuh,M., Jensen,W. & Schwabl, I. (2006) Low ambient

temperature increases food intake and dropping production, leading to

incorrect estimates of hormonemetabolite concentrations in European ston-

echats.Hormones and Behavior, 49, 644–653.

Graham, L.H. & Brown, J.L. (1996) Cortisol metabolism in the domestic cat

and implications for non-invasive monitoring of adrenocortical function in

endangered felids.ZooBiology, 15, 71–82.

Hirschenhauser, K., Spreitzer, K., Lepschy, M., Kotrschal, K. & Möstl, E. (in
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