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Abstract ― The northern fur seal (Callorhinus ursinus) inhabits the North Pacific Ocean and Bering Sea, where it feeds on a variety 
of prey. In this study, we studied a captive male to determine how different prey affect the composition of and testosterone me-
tabolites in the faeces. Faecal steroid metabolite levels are often expressed per unit dry weight (DW) of faeces, but dry faeces 
contain both organic and inorganic matter, so we also measured the ash-free dry weight (AFDW), which can more accurately 
express the levels in samples with organic matter. The mean organic component of faeces was lower when the seal fed on fish 
than when it fed on squid. Testosterone metabolite levels in the AFDW and serum testosterone levels showed a significant rela-
tionship in faeces collected one day after the blood withdrawal. When the seal fed on squid, differences in testosterone metabo-
lite levels between DW and AFDW were small. These results suggest that faecal testosterone metabolite levels expressed in 
quantities per unit of AFDW are more useful than DW to understand the reproductive physiology of seals.
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Introduction

Steroid hormone measurements are valuable because 
they can be used as indices of health and reproductive physi-
ology. Methods have been developed in various species to 
measure steroid hormone metabolites in faeces rather than 
using the more invasive technique of blood sampling. Steroid 
hormones in blood are metabolized in the liver and intestines 
(Möstl and Palme 2002, Touma and Palme 2005). Steroid 
metabolites retain most of their original skeletal structure in 
the faeces (Macdonald et al. 1983) and can be measured. 
Steroid hormone metabolites are organic compounds, but in 
faeces, steroid metabolite levels are generally expressed per 
unit of dry weight (DW) of the faeces (Palme et al. 2013). 
Steroid metabolite levels expressed in DW can be influenced 
by the ratio of organic to inorganic matter in faeces, which 
can lead to errors in the estimation of these levels. For this 
reason, it is important to remove bone fragments or undi-
gested fibrous materials when preparing sample materials for 
the analysis of faecal steroid hormones using DW techniques 
(Ganswindt et al. 2012). In addition, faecal steroid metabo-
lite levels can also change based on the type of diet (Goy-

mann 2012). If faeces contain large amounts of inorganic 
matter, faecal steroid metabolite levels per unit DW may less 
accurately show hormone concentrations.

An alternative method that eliminates this problem is to 
measure steroid metabolite levels in quantities per unit of 
ash-free dry weight (AFDW). This method was used by 
Ganswindt et al. (2012) who expressed the steroid metabolite 
levels in faeces of aardwolves (Proeles cristata), which in-
gest soil during feeding, per unit AFDW after eliminating 
water and the inorganic content. Although the qualitative in-
terpretations of the hormone metabolite levels did not 
change, they demonstrated that steroid metabolite levels in 
AFDW showed less individual variation, which allowed it to 
detect biologically relevant differences.

Northern fur seals (Callorhinus ursinus) alter their diet 
depending on the abundance and distribution of prey within 
their habitat (Kajimura 1984). They often feed on Pacific 
mackerel (Scomber japonicus), Japanese sardine (Sardinops 
melanostictus), myctophids and squids (Yonezaki et al. 
2008). A recent study found that they also consume Okhotsk 
atka mackerel (Pleurogrammus azonus) and walleye pollock 
(Gadus chalcogrammus) (Horimoto 2015). The diet of north-
ern fur seals differs widely among individuals (Mori et al. 
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2001, Yonezaki et al. 2003). This diverse diet can lead to 
variation in the ratio of organic and inorganic matter in fae-
ces. Changes in faecal steroid metabolites can be more accu-
rately measured by removing inorganic materials in faeces 
when animals vary their diet seasonally. However, the ways 
in which faeces composition can influence faecal steroid me-
tabolite levels have received little scientific attention.

Testosterone can be used as an indicator of male repro-
ductive physiology (Kita et al. 1999). Testosterone metabo-
lite levels in faeces can be used as such indices, but it is im-
portant to understand how these levels are affected by the 
seals’ diet. In this study, we examined how diet affected the 
composition of faeces in a captive male northern fur seal and 
demonstrate the relationship between faecal testosterone me-
tabolite levels per unit AFDW and serum testosterone levels. 
We also examined how the diet composition influences 
faecal testosterone metabolite levels using DW and AFDW.

Materials and Methods

This study examined an 8-year-old male (mean body 
weight±SD=86.3±4.1 kg) at the Izu Mito Sea Paradise 
aquarium (Numazu, Japan) between April 2017 and January 
2018. Sampling was conducted twice a month. Blood (5 mL) 
was withdrawn from the hind flipper (Day 0), and faeces 
were collected the following three mornings (Day 1 to 3) 
(Otsuki et al. 2020). The faeces were collected from a pool 
using a dip net with 4-mm mesh.

Feeding experiments were conducted over four days 
each month from October 2017 to January 2018 during the 
non-breeding season. This season was chosen to avoid the 
large variations that occur in serum testosterone levels during 
the breeding season. Before each experiment, the seal was 
fed daily a diet of Pacific mackerel, but one day before each 
experiment, no food was given. The experimental diets com-
prised Japanese flying squid (Todarodes pacificus) in October 
and January, Okhotsk atka mackerel in November, and wall-
eye pollock in December. The seal was fed 2.4–6 kg whole 
fish or squid each day. Faeces were collected on the second 
to fourth day, as the first day of feeding provided a buffer for 
the change in prey species. Serum and faecal samples were 
stored frozen at −40°C and shipped to the Field Science 
Center for Northern Biosphere, Hokkaido University, for 
analyses.

In the laboratory, all faeces from the feeding experi-
ments were analyzed along with seven randomly selected 
faecal samples collected while the seal was fed Pacific mack-
erel. Each sample was dried at 60°C to remove water content 
and homogenized (Otsuki et al. 2020). A 500 mg quantity of 
each was burned in an electrical muffle furnace (Motoyama 
Co., Ltd., Japan) based on the method in JIS:M:8812:2006. 
The temperature was increased from 25°C to 500°C over 1 h 

and then increased to 815°C over 30 min. The sample re-
mained at 815°C for one hour. The mass of the ash was mea-
sured before and after additional heating for another 30 min 
at 815°C to ensure that the mass of the ash was consistent. 
The AFDW was calculated by subtracting the mass of inor-
ganic content (ash) from the DW.

Steroid metabolites were extracted from 10 mg of faeces 
with 80% methanol. Steroid extraction was performed 
according to the method in Otsuki et al. (2020). Faecal tes-
tosterone metabolite levels were analyzed by time-resolved 
fluoroimmunoassay (DEL-FIA®, PerkinElmer, Waltham, 
MA) based on Yamada et al. (1997) and Otsuki et al. (2020).

The weight percentage of organic content in faeces was 
determined by dividing the AFDW of faeces by the DW. We 
averaged the AFDW percentages of the seven faecal samples 
collected during feeding with Pacific mackerel to convert 
faecal metabolite levels in DW to AFDW. For faeces contain-
ing squid, Okhotsk atka mackerel and pollock, the AFDW 
percentage for sample was calculated separately. Faecal 
testosterone metabolite levels in AFDW were computed by 
dividing the testosterone metabolite levels by the mass of 
organic content in the faeces. Faecal testosterone metabolite 
levels in AFDW with Pacific mackerel were computed using 
the average AFDW percentage of the seven samples. Those 
with other prey species were computed using each AFDW 
percentage. The faecal testosterone metabolite levels of Days 
1, 2 and 3 per unit AFDW, including the samples collected 
during the feeding experiments, was fitted with serum testos-
terone levels using a generalized linear model (gamma error 
distribution with a log link). Serum testosterone levels in the 
seal were obtained from Otsuki et al. (2020). Significance of 
the models was determined with a null model using an analy-
sis of deviance (Bradshaw et al. 2004). Monthly changes in 
faecal testosterone metabolite levels on Day 1 expressed as 
per unit AFDW were plotted and compared with the levels in 
DW and serum testosterone levels using the data of Otsuki et 
al. (2020). Furthermore, the time series data of all the faecal 
testosterone metabolite levels in DW and AFDW on Days 1 
through 3 were plotted to show how the diet composition 
influenced the measurement of these levels. The level of 
statistical significance was set to α=0.05. The software used 
for this analysis was R 3.5.1 (R Core Team 2019), and 
figures were created using the ggplot2 package (Wickham 
2016).

Results

For the dietary comparison, seven Pacific mackerel 
faeces collected on Days 1 and 2 were used. During the feed-
ing experiment with squid, we found faeces on Day 1 in 
October and Day 3 in January. Similarly, faeces during Ok-
hotsk atka mackerel feeding were collected only on Days 1 
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and 3. We collected faecal samples from pollock feeding on 
all three days. The mean±SD of AFDW percentages when 
the seal fed on Pacific mackerel, squid, Okhotsk atka mack-
erel and pollock was 44.1±4.0, 60.6±30.2, 41.5±2.3, and 
42.5±2.9%, respectively (Fig. 1). The organic content of 
faeces collected on Day 3 when the seal fed on squid was 
81%. This was much greater than the organic content of 
faeces collected on Day 1 and of faeces in the experiments 
using fish as prey.

Serum testosterone levels on Day 0 was a significant 
predictor of faecal testosterone metabolite levels in AFDW 
on Day 1 (Estimate=0.3845, SE=0.1246, p=0.0087, Fig. 2). 
An analysis of deviance revealed significant support for the 

correlation between these two levels (Deviance=0.98, 
F(1,13)=8.20, p=0.0133). On the other hand, serum testoster-
one levels did not predict faecal testosterone metabolite lev-
els expressed in AFDW on Day 2 (Estimate=0.1729, 
SE=0.1878, p=0.3754). Serum testosterone was a marginally 
significant predictor of the faecal metabolite levels in AFDW 
on Day 3 (Estimate=0.5075, SE=0.2314, p=0.0507).

Monthly faecal testosterone metabolite levels expressed 
as AFDW on Day 1 ranged from 0.30 to 2.15 μg g−1 (Fig. 3). 
Faecal testosterone metabolite levels expressed in AFDW 
showed a similar trend to serum testosterone levels. Faecal 
testosterone metabolite levels peaked in July in both DW and 
AFDW. The variation of faecal testosterone metabolite levels 
in AFDW was larger compared to those expressed as DW. 
We show a time series of faecal testosterone metabolite lev-
els in DW and AFDW on Day 1 through 3 to compare the 
effect of the four prey species (Fig. 4). In addition to squid 
on Day 1 in October, when the seal fed on Pacific mackerel, 
Okhotsk atka mackerel, and pollock, the differences in the 
metabolite levels between the two analytical techniques 
(AFDW and DW) were large. When squid was fed on Day 3 
in January, however, the variations in the levels between DW 
and AFDW were minimal.

Discussion

We examined the composition of faeces when the seal 
fed on different prey species and measured how changes in 
faecal composition influenced faecal testosterone metabolite 
levels. In all feeding experiments, the organic content of 
faeces was below 50%, except for Day 3 in January when the 
seal fed on squid. One reason for this difference is that the 
initial organic matter found in squid is greater than that of 
fish. For example, the organic content of squids such as 

Fig. 1.  Organic content in faeces expressed as a percentage of 
ash-free dry weight in a captive male northern fur seal. The seal 
was fed four diets consisting of a single prey species: Pacific 
mackerel, Japanese flying squid (squid), Okhotsk atka mackerel 
(O. atka mackerel), and Walleye pollock (pollock).

Fig. 2.  Relationships between faecal testosterone metabolite levels (expressed in μg g−1 of ash-free dry weight (AFDW): solid 
symbols, and dry weight (DW): open symbols) and serum testosterone levels in a male northern fur seal on Days 1, 2 and 3 of feeding 
experiments. Symbol shapes indicate prey species. The broken line shows a fitted line based on DW (Otsuki et al. 2020) while the solid 
line is a fitted line from a GLM model based on the levels in AFDW. No lines on Days 2 and 3 indicate no significant relationships.
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Gonatidae and Illex sp. is about 92%, whereas it is 88% in 
Pacific mackerel (Steimle and Terranova 1985, Van Pelt et al. 
1997) and approximately 83% in Okhotsk atka mackerel and 
pollock (Van Pelt et al. 1997). In addition to the organic con-
tent of the prey species itself, switching between prey species 
might have changed the bacterial composition of the faeces. 
For instance, the organic portion of faeces in humans is about 
25–54% bacteria, while the inorganic content comes from 
remaining food (Rose et al. 2015). Since the amount and 
kind of faecal microbiota in animals are influenced by prey 
choice (Ley et al. 2008, Nelson et al. 2013, Banks et al. 
2014), this seal’s microbiota (which composed a portion of 
the organic content of its faeces) is likely to have changed by 
switching prey species to squid. The composition of 
microbiota can change within 24 h of diet switching in hu-
mans (Wu et al. 2011). Furthermore, although the feeding ex-
periment using squid was conducted in a different month, the 
large variations in the faecal composition within the squid 

diet on Days 1 and 3 may also come from gradual changes in 
the microbiota composition as the prey species was switched. 
In humans who consumed an animal-based diet, the changes 
in diversity of microbiota was maximized on the fourth day 
after diet switching (David et al. 2014). Since the diet of 
northern fur seals includes various fish and squid species 
(Kajimura 1984, Horimoto 2015), faecal steroid metabolite 
levels may change according to differences in diet. Different 
prey types, therefore, likely influenced the composition of 
microbiota in faeces and possibly resulted the alternation of 
faecal composition in the northern fur seal.

The faecal testosterone metabolite levels per unit 
AFDW were related to the serum testosterone levels on Day 
1, but not on Day 2, and only marginally related on Day 3. 
These tendencies were consistent with faecal testosterone 
metabolite levels expressed in DW (Otsuki et al. 2020). This 
significant relationship on Day 1 is also in line with the rela-
tionship in other mammals (Schwarzenberger et al. 1996). 

Fig. 3.  Monthly changes in serum testosterone levels and faecal testosterone metabolite levels in a male northern fur seal on Day 1 
expressed as per unit DW and AFDW. Grey and black filled circles represent the faecal testosterone metabolite levels expressed as DW 
and AFDW, respectively. Open circles represent serum testosterone levels based on the results from Otsuki et al. (2020).

Fig. 4.  Faecal testosterone metabolite levels expressed as per unit DW and AFDW on Day 1 through Day 3 between April 2017 and 
January 2018. Symbols indicate prey species. Light and dark grey circles represent the levels in DW and AFDW, respectively. Each tick 
mark on the x-axis indicates one sampling day during the study.
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Although few studies have examined how diet influences 
faecal steroid metabolite levels, the differences in consump-
tion of fat amount can alter serum testosterone levels 
(Hämäläinen et al. 1984). It is possible that diet can alter fae-
cal steroid metabolites levels not only faecal composition but 
also changes in serum steroid levels. Because of this, 
changes in testosterone levels may not be detected even in 
serum. Removal of inorganic contents in faeces may elimi-
nate this problem. Although this study was limited by its 
small sample size, steroid metabolite levels expressed per 
unit AFDW has the potential to correct variations caused by 
the diet.

Monthly faecal testosterone metabolite levels in AFDW 
and serum testosterone levels showed similar changes. The 
increase in faecal testosterone metabolite levels in July sug-
gests a physiological response during the breeding season be-
tween June and August (Gentry 1998), and thus the metabo-
lite levels expressed in AFDW might represent the reproduc-
tive physiology of this species. Although the metabolite lev-
els in AFDW and DW showed a similar trend, the variance 
between the two expressions was greater when the seal fed 
on fish and smaller when it fed on squid in January. Hence, 
the metabolite levels in DW and AFDW were affected by the 
prey species consumed. The consumption of fish generated 
large differences in the levels between DW and AFDW, 
whereas that of squid resulted in small differences due to the 
very small amount of inorganic matter in this prey species. 
These outcomes come from the composition of faeces as the 
consumption of squid on Day 3 in January resulted in a 
greater organic content in the faeces. The conventional 
method of using DW may not be able to detect changes in 
steroid hormonal levels, and thus AFDW can be useful when 
prey species are unknown and animals feed on various spe-
cies of prey. Our sample size was small in terms of both ani-
mals studied and number of faeces collected. Future studies 
of long-term monitoring of faecal testosterone metabolites 
should examine a larger number of animals. Our results sug-
gest that changes in the physiology of animals is more accu-
rately determined by expressing faecal hormone metabolite 
levels as quantity per unit AFDW. The improvement of accu-
racy in faecal steroid hormone levels can benefit studies of 
free-ranging northern fur seals especially when they haul out 
on land during the breeding season. This technique can also 
be useful for pinniped species that feed opportunistically and 
haul out on land. In captivity, it is important to feed the same 
diet to an animal over the period of faecal steroid metabolite 
monitoring.

In summary, it can be helpful to represent faecal steroid 
metabolite levels by AFDW when the animal’s diet is un-
known. Thus, when analyzing faecal steroid levels among in-
dividuals or when sampling intermittently, it is useful to rep-
resent the levels in AFDW. Although further studies such as 
challenge tests and a long-term feeding experiment will be 

necessary, converting faecal testosterone metabolite levels 
into quantity per unit AFDW is preferred, since free-ranging 
northern fur seals feed on wide variety of prey species.
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