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General Introduction

Animal research methods can be broadly divided into two styles, namely direct observation and
indirect observation. Direct observation is a fundamental approach that have been used for many
years (Latta et al. 1967; Koprowski 1993; Uchida et al. in press). However, with some
exceptions, it is often difficult to directly observe mammals in the field. Indirect observation is
an alternative that can be used for difficult-to-observe animals; with this method for focus is
frequently on the animal’s sign (Sponheimer et al. 2003; Kendall et al. 2009; Mastromonaco et

al. 2014).

Feces are among the most common signs used in research. Putman (1984) reviewed the
potential for research using feces to reveal animal ecology. Feces are used as indicators of
animals’ presence, nest sites, and population density (Reunanen et al. 2002; Hamasaki et al.
2001; Suzuki et al. 2011). Feces have been used for a long time to investigate the diets of many
animals (Kunz et al. 1983; Dickman and Huang 1988; Hewitt and Robbins 1996; Orr and
Harvey 2001; Deagle et al. 2007). Furthermore, thanks to the development of molecular
scatology, we can investigate behavioral biology, census population size, home and territory
range, and genetic variation by purifying DNA from feces (see review by Kohn and Wayne
1997). Not only ecological research, but also endocrinological research, now often used feces.
Fecal steroid hormone analysis (oestrogen, androgen, progestogen, and glucocorticoid
metabolites) has been developed over the past two decades (Schwarzenberger 2007), and the
validation of fecal steroid hormone analysis to profile endocrine patterns and to use reliable

indicator of stress has been demonstrated in mammals, birds, reptiles, amphibian, and fish



species (Graham et al. 2002; Millspaugh and Washburn 2004; Pettitt et al. 2007; Sheriff et al.
2009); therefore this analysis used in a range of zoo and wild animals (see review by
Schwarzenberger 2007). Although feces can be obtained non-invasively, they contain diverse
information. They can therefore be used as a tool for studying difficult-to-observe animals, and
the results obtained can help to elucidate various aspects of animal biology, such as life history,

genetic structure, and endocrine patterns.

The Siberian flying squirrel, Pteromys volans, a member of the Family Sciuridae, is
difficult to observe, because it is nocturnal and small mammal (YYamaguchi and Yanagawa
1995; Yanagawa 1999; Fig. 1). However, its feces are distinctive and can be easily identified
(Fig. 2). According to Kadosaki (2001), they are riziform in shape and greenish yellow or
brownish yellow when fresh. With time, the color changes to burnt umber or copper. The scats
are 4 to 15 mm long and 2 to 5 mm in diameter. Nest trees can be detected by collecting feces in
an umbrella placed at the base of the tree (Suzuki et al. 2011). Feces are also used to identify
occupied forests (Reunanen et al. 2002; Hurme et al. 2007). However, despite the diversity of
information offered by fecal analysis there has been little research on feces in Siberian flying
squirrels. Research focusing on fecal characteristics could help to elucidate the ecology and

endocrinology of this species.

Here, the aim of study was to demonstrate the validation of fecal sample in Siberian
flying squirrels on the field and the laboratory research. With a focus on the benefits of using
feces, author studied the ecology and endocrinology of Siberian flying squirrels. First, author
established the confirmation method for presence of Siberian flying squirrels by using feces

(Section 1). Then, author validated the use of fecal progesterone analysis for predicting



pregnancy (Section 2). Finally, author investigated progesterone concentrations during lactation
and the progesterone dynamics of lactating females to estimate the presence of postpartum

estrus in Siberian flying squirrels (Section 3).



Fig. 1. The Siberian flying squirrel Pteromys volans.



Fig. 2. Feces of Siberian flying squirrels.



Study area

Study areas were the fragmented forests located in Obihiro city, Hokkaido, Japan (42°46'-
42 °53'N, 143°4'-143°11'E). The forests that author surveyed were comprised of conifers,
including the Korean white pine Pinus koraiensis, the Eastern white pine Pinus strobus, the
Japanese larch Larix leptolepis, and broad-leaved trees, including the Japanese elm Ulmus
davidiana var. japonica, the Manchurian ash Fraxinus mandshurica, the white birch Betula

platyphylla, the Japanese walnut Juglans mandshurica, and the Daimyo oak Quercus dentata.



1. A confirmation method for the presence of the Siberian flying squirrel via feces

Introduction

The population of Siberian flying squirrels in worldwide is declining because of forest
fragmentation (Hokkanen et al. 1982; Timm and Kiristaja 2002; Jackson 2012). To conserve
this species, long-term monitoring is necessary to evaluate the effect of forest fragmentation on
the population (Debinski and Holt 2000; Koskiméki et al. 2013). For long-term monitoring
author needs information on the species’ presence. To date, the method used to confirm the
presence of squirrels has been to search whole forest for feces (Reunanen et al. 2002; Hurme et
al. 2007). However, this method is labor intensive and is inefficient if the forest size huge.
Moreover, the details of using this method —such as how to search feces and enough research
effort—are not clear. Author, therefore, needs to establish an efficient and quantitative method

to confirm presence of Siberian flying squirrels.

Direct observation is insufficient, because the squirrels are small and nocturnal
(YYamaguchi and Yanagawa 1995; Yanagawa 1999). However, it is easy to identify their feces
(Kadosaki 2001), and Suzuki et al. (2011) reported that by using an umbrella to trap and collect
feces they were able to find nest trees. Author, therefore, considered that feces could be
similarly used to confirm the animals’ presence. However, because it is inefficient to search
whole forest for feces, to simplify the research it would be necessary to clarify the
characteristics of places in which feces were often found. In addition, author needed a method
that was readily available to anyone and in which the research effort required to determine the

animals’ presence was easily quantifiable. The goal of this research was therefore to elucidate



the characteristics of points that should be searched for feces and the research effort required to

confirm the presence of Siberian flying squirrels.

Materials and Methods

Study area

Author searched for the squirrels’ feces in 11 fragmented forests in the city of Obihiro from
April to May 2013. The size of the forest fragments ranged from 0.42 to 13.69 ha. Ten of the

forests were deciduous broad-leaved forest, and one was a mixed forest.

Search for feces and characterization of places where feces were found

Author randomly set up 12 transects (10 m long x 4 m wide) in each forest and searched for
feces within each transect. The time taken for the feces to disintegrate was unknown, but author
targeted feces that could be identified even if they seemed old. To ensure uniformity of the

research effort, search time was less than 15 min per transect.

First, to characterize the places where feces were found, author measured the distance
between the feces and the closest tree, along with the diameter at breast height (DBH) of that
tree. Author hypothesized that the feces were often found close to trees with large DBHs,
because Siberian flying squirrels prefer old-growth forests containing high trees (Reunanen et al.
2002) and selectively land in high trees when gliding (Suzuki et al. 2012). To test this

hypothesis, author compared the DBHs of the trees with and without feces. And, author did not



examine thin trees (DBH less than 10 cm), because Northern flying squirrels Glaucomys
sabrinus do not land on trees with a DBH of less than 10 cm (Vernes 2001). Author used
general linear mixed-effect model to compare the DBHs of the trees with and without feces,
with data on the presence of Siberian flying squirrels as the objective variable, categorical data
on tree DBH as the explanatory variable, and categorical data on forest ID as a random effect
implemented in the R package “Ime4” because of pseudo replication. The significance of the

analysis was tested by using a 7’ test.

Research effort

Second, to reveal whether or not the research effort would change with forest size, author
investigated the relationship between the number of transects on which author found feces and
forest size. Author hypothesized that the research effort would increase with forest size. To test
this hypothesis, author used a general linear model with data on the number of transects where
feces were found (feces-positive transects) as the objective variable and categorical data on the
forest size as the explanatory variable. The significance of this analysis was tested by using a *
test. Furthermore, author used the formula below to determine research effort required to search
for feces in each forest to confirmation the animal’s presence. The discovery rate of feces (R)
was calculated by using the number of feces-positive transects as a proportion of the 12
transects. The number of research transects needed to confirm the presence of the flying

squirrels was then determined with a probability of more than 95%.

R =1—{(12—n)/12}m

R: The discovery rate of feces



n: Number of feces-positive transects

m: Number of research transects

Results

Feces were found in all forests. The average number of feces-positive transects was 6.2+1.7

(mean + SD, n = 11).

Feces were found 22.46 + 4.25 cm (mean = SE, n = 11) from the closest tree; more than
80% of feces were within 20 cm (Fig. 2). The DBH of trees with feces was 34.87 £ 1.29 cm
(mean + SD, n = 11); that of trees without feces was 26.96 + 0.66 cm (n = 11). Seventy-five
percent of the former had a DBH of more than 25 cm, and more than 80% of the latter had a
DBH of less than 35 cm (Fig. 2). The DBH of trees with feces was significantly larger than that
of trees without feces (estimate = 0.07453, SE = 0.01574, P = <0.001). Feces were therefore

often found close to large DBH trees.

The number of feces-positive transects was unrelated to forest size (estimate = —0.02079,

SE =0.04906, P = 0.6720: Fig. 3). From the formula, five transects (95% ClI, 4 to 6 transects)

were required to confirm the presence of Siberian flying squirrels with a probability of more

than 95%.

Discussion
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It was efficient to search for feces within 20 cm of trees with a DBH of more than 25 cm. Feces
were often found close to large DBH trees, because Siberian flying squirrels defecate arboreally
(Kadosaki 2001), prefer old-growth forests (Reunanen et al. 2002), and selectively land in high

trees (Suzuki et al. 2012).

In this study, the number of feces-positive transects was unrelated to forest size. This
result indicated that forest size did not affect the discovery rate of feces, and the research effort
did not need to change to suit the forest size. However, this finding is applicable only to forests
no bigger than this study areas. If author examine in a forest bigger than 14 ha, then author need
to re-examine the relationship between forest size and research effort. This result suggested that,
to confirm the presence of squirrels with a probability of more than 95%, five transects needed
to be set per forest. In summary, for maximum efficiency, five transects could be set close to
trees with a DBH of more than 25 cm and a search conducted for the animal’s feces within 20

cm of the trees.

The population density of Siberian flying squirrels would affect the discovery rate of
feces: the discovery rate would increase with increasing density. In general, it is difficult to
predict the population density of mammals, and in this study author was unable to consider the
effect of population density on the discovery rate of feces. If the relationship between
population density and fecal discovery rate was clear, then this method might be useful as an
indicator of population density. In future, consideration of the effect of population density on
fecal discovery rate will be needed to develop a more precise method of confirming squirrel

presence and population density.
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Forest structure might also influence the recovery rate of feces and change the manner to
search feces. Fig. 2 showed that although the histograms of the DBHs differed between the trees
with feces and without feces, DBHs with 24 to 30 cm dominated in our study area. But, if
dominated DBHs are smaller or bigger, the characteristic of the place where feces are often
found will change. Therefore, the manner that feces are searched close to trees with a DBH of
more than 25 cm is just indication, and we need to reveal it again when we research at the

different study area.

Season might affect the discovery rate of feces and the research effort. This study was
performed in April and May, when vegetation in the study area was poor. If research were
conducted in summer, when the vegetation is abundant, more careful research would be
required. In winter the discovery rate of feces would be higher than in this study period, because

it is easy to find the feces on snow cover.

Because almost all of this study area was deciduous broad-leaved forest, author was
unable to consider the effect of forest type on discovery rate of feces. However, the vegetation
in coniferous forests, which Siberian flying squirrels use as breeding sites and for foraging, is
poorer than that in broad-leaved forest (Messier et al. 1998). Therefore, the confirmation

method could be adapted for use in coniferous forests.

In addition, the other environmental factors of fragmented forests, such as the number of

tree cavities, would affect our results. However, in present study we did not research the

relationships between the factors and our results; therefore, established method can be used only

12



in our study area. We will need to reveal this relationship and to confirm more generalized

method in order to research other areas.

There are the evidence that the confirmation method can be simpler resulting from the
present study. This study demonstrated that feces were often found close to trees, indicating that
the number of trees included in one transect would affect the discovery rate of feces. That is, the
number of trees investigated could determine whether or not the presence of Siberian flying
squirrels were confirmed. To simplify the confirmation method, author needs to determine the

optimum number of trees that needs to be investigated to determine the presence.
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2. Validation of fecal progesterone analysis for predicting pregnancy in Siberian flying

squirrels Pteromys volans

Introduction

Steroid hormone concentrations are generally measured to study reproductive physiology, and
for this purpose plasma samples are frequently used in birds, mammals, reptiles, and
amphibians (Seal et al. 1979; Wood et al. 1986; Whittier et al. 1987; Orchinik et al. 1988;
Tsubota et al. 1998: Van Duyse et al. 2002; Millesi et al. 2008). However, repeated blood
sampling of small mammals is considered unsuitable because of its impracticality. In contrast,
recently steroid hormone analysis using feces have been developed during past twenty years.
This method is non-invasive and capable of repeatedly obtaining fecal samples; hence fecal
steroid hormone analysis is applied to a variety of wild and zoo animals (see review by

Schwarzenberger 2007).

Siberian flying squirrels are one of the Family Sciuridae, and the following is known about
the reproductive pattern. In Hokkaido, females enter estrus from the end of February to July and
have a 10-day estrous cycle (Yanagawa 1999). After copulation of the female with a few males,
the gestation period lasts 40 days (Selonen et al. 2013). Females produce an average of three
neonates per litter (Yanagawa 1999; Airapetyants and Fokin 2003; Selonen et al. 2013), and the
pups are weaned at 60 days old (Hanski et al. 2000). After the first reproduction up to 30% of
females produce second litters (Hanski et al. 2000). However, author have little information on
the animal’s basic reproductive physiology, including its estrous cycle and pregnancy. Repeated

blood sampling is unsuitable for Siberian flying squirrels, because they are small mammals.
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Considering the characteristic of Siberian flying squirrels, fecal progesterone analysis seemed to

be applied to this species to reveal the reproductive physiology.

Here, author conducted two tests to determine whether fecal progesterone analysis with
this commercial EIA kit could be used to evaluate reproductive status in Siberian flying
squirrels. The first experiment was a serial dilution test to evaluate whether the EIA kit would
react properly. The second was a comparison of progesterone concentrations among four
groups—pregnant females, adult females in non-breeding season, juvenile females, and adult
males—to determine whether fecal progesterone measurement was able to evaluate reproductive

status.

Materials and methods

Animals and sample collection

Thirty-three flying squirrels were captured from April 2013 to September 2014 in nest boxes set
in forests in the city of Obihiro (42°46'-42°53'N, 143°4'-143°11'E). Eighteen fecal samples
were collected from six pregnant females, 11 from 10 adult females in non-breeding season, 10
from eight juvenile females, and 10 from nine adult males. Females captured in the breeding
season were kept over the gestation period in cages 46.5 x 46.5 x 56.5 cmor 41 x 37 x 73 cmin
the laboratory; females that gave birth within the period of captivity were classified as “pregnant
female”. Namely, feces collected from females that did not give birth within this period of
captivity were not used in this study. The body mass was measured twice a week to check body

condition. The primary diet consisted of sunflower seeds and apples. Foods foraged by flying
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squirrels in the field (Asari et al. 2008) were also provided, e.g., the Japanese white birch Betula
platyphylla var. japonica, the Japanese elm Ulmus davidiana var. japonica, withy Salix spp.,
and maple Acer ginnala var. aidzuense. Water was provided ad libitum. Adults were classified
as having a body mass of >80 g (Yanagawa 2009) or by the development of nipples (females) or
testes (males). Adult females in non-breeding season were classified as those captured in the
non-breeding season, i.e. from August to February (Yanagawa 1999). Juveniles were classified
by the following: body mass <80 g, or individuals found with breeding adult females in nest
boxes or born in the laboratory. The body mass of juveniles born in the laboratory was

measured twice a week for check of body condition.

Fecal samples from pregnant females were collected at the time when the body mass was
checked or when feces were found in the cage tray within 3 hr after the cages had been checked.
Fecal samples from adult females in non-breeding season and adult males were collected at the
time of capture. Fecal samples from juvenile females were collected at the time of capture and
during body mass checks. Each fecal sample was placed in a 2-ml micro-tube and immediately

stored at —30 °C until analysis.

This study followed the guidelines of the Mammal Society of Japan published in 2009

and was approved by the Hokkaido Government Tokachi General Subprefectural Bureau.

EIA validation and reproductive status profiling

To validate the enzyme immunoassay, parallelism between serially diluted fecal progesterone

and a standard curve was determined by using methods described in a previous study (Graham
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et al. 2002; Pettitt et al. 2007). Fecal progesterone of Siberian flying squirrels was serially
diluted 1:16, 1:32, 1:64, 1:128, 1:256, 1:512, 1:1024, 1:2048, and 1:4096, and feces collected
from pregnant females, which were considered to have high progesterone concentrations, were

used for the parallelism test.

Fecal progesterone concentrations were compared among pregnant females, adult females
in the non-breeding season, juvenile females, and adult males to determine whether the

concentrations were appropriate indicators of reproductive status in flying squirrels.

Fecal progesterone extraction and enzyme immunoassay

Feces were dried in a drying oven at 60 °C for 2 h and then pulverized. Each sample was
weighed out to 0.02 £ 0.0009 g, placed in a 2-ml micro-tube into which 1 ml of 1200% methanol
had been added to, vortexed for 15 min, and centrifuged at 25009 for 15 min. Next, the

supernatant was poured into a 2-ml glass vial and stored at —30 °C until EIA.

Fecal progesterone concentrations were determined with a Progesterone EIA Kit (item no.
582601, Cayman Chemical, Michigan, USA). Supernatant extracted from each fecal sample was
diluted in EIA buffer (1 M phosphate solution containing 1% BSA, 4 M sodium chloride, 10
mM EDTA, and 0.1% sodium azide) at a concentration of 1:200. The cross-reactivities of the
antiserum were 100% for progesterone, 7.2% for 17p-estradiol, 6.7% for
5B-pregnane-3a-o0l-20-one, 2.5% for pregnenolone, 0.5 % for 17-hydroxyprogesterone, <0.05%

for testosterone, <0.01% for Sa-pregnane-3a,20a-diol, <0.01% for 5B-pregnane-3a,20a-diol,
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<0.01% for 5p-pregnane-3a,20a-diol glucuronide, <0.01% for 17a-estradiol, <0.01% for estriol,

and <0.01% for estrone described in the kit manual.

Before the fecal progesterone analysis the recovery rate was examined in the following
way. The extraction procedure was performed five times on each fecal sample collected from a
pregnant female, and five supernatants were obtained. The fecal progesterone concentrations of
the five supernatants were then measured. The sum of the concentrations in the five
supernatants was considered to be the total progesterone concentration that could be extracted
from the fecal sample; progesterone in each of the supernatant of the fifth extraction was not
detected or less than 1 % of the total progesterone concentrations. The percentage of
progesterone concentrations of the first supernatant to the sum of the five concentrations was
considered to be the recovery rate. The recovery rate was 77 + 7% (mean = SE; n = 4). The
sensitivity of the assay was 10 pg/ml. The intra-assay and inter-assay coefficients of variation

were 5.1% (n = 8) and 12.7% (n = 6), respectively.

Statistical analysis

To determine parallelism between serially diluted fecal progesterone and the standard curve
author compared the slopes by using an ANCOVA test. Furthermore, author compared the 95%
confidence interval of progesterone concentrations in pregnant females with those in animals of
different reproductive status by using general linear mixed-effect models with data of
progesterone concentrations as the objective variable, with categorical data of reproductive

status as the explanatory variable, and with categorical data of individual ID as a random effect
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implemented in the R package “Ime4” because of pseudo replication. All statistical analyses

followed the software R version 3.0.1 (R Development Core Team 2013).

Results

Comparison of the slope of the regression lines between sample progesterone concentrations
and the standard curve revealed no significant difference (df =1, SS=73, MS =73, F =1.48, P

= 0.245; Fig. 1). This result showed that the two regression lines were parallel.

Mean progesterone concentrations were 9494 + 2184 ng/g (mean £ SE; 18 fecal samples
from 6 females) in pregnant females, 404 + 2181 in adult females in the non-breeding season
(11 fecal samples from 10 females), 600 + 2241 in juvenile females (10 fecal samples from 8
females), and 394 £ 2300 in adult males (10 fecal samples from 9 males). The 95% confidence
interval of progesterone concentrations (mean + 2 SE) in pregnant females did not overlap with
those in the other groups (Fig. 2). Thus, fecal progesterone concentrations were significantly
higher in pregnant females than in adult females in the non-breeding season, juvenile females

and adult males.

Discussion

Assays of antibody show parallelism only if the sample corresponds exactly with those in the
assay (Davies 2013). Here, the parallelism showed that the measurements of progesterone
concentrations in the fecal samples of Siberian flying squirrels were exactly even though author

used only tiny amounts of feces. Previous studies have shown that stress affects progesterone

22



secretion (Asher et al. 1989), and the handling of the animals during body condition checking
may have been a stressor. However, the lag time of 1 or 2 days between a stressful event and
fecal steroid hormone was observed (Goymann et al. 1999; Peel et al. 2005); therefore, the

stress of handling would not have affected fecal progesterone analysis.

This is the first report about enzyme immunoassay for fecal progesterone analysis in
Siberian flying squirrels. Fecal progesterone concentrations were significantly higher in
pregnant females than in adult females in the non-breeding season, juvenile females, and adult
males. In general, fecal progesterone concentrations are significantly higher during pregnancy
or luteal phase than during non-pregnancy or non-luteal phase (Gudermuth et al. 1998;
Hamasaki et al. 2001; Graham et al. 2002; Pettitt et al. 2007), because progesterone is secreted
by the corpus luteum or the placenta, or both, for maintenance of pregnancy (Norris and Lopez
2011). As in previous studies, fecal progesterone analysis could be used to predict pregnancy in
present study. Therefore, the findings suggest that fecal progesterone analysis, which is
non-invasive, could be useful for predicting pregnancy. Progesterone concentrations during the
luteal phase are highly similar to those in the gestation period (Graham 2002; Mohammed et al.
2011). Therefore, fecal progesterone analysis could also be used to detect the luteal phase, and
fecal progesterone analysis has great potential in research into the reproductive physiology of
Siberian flying squirrels. However, author need to investigate the difference of fecal
progesterone concentrations between pregnant females and non-pregnant females during

luteal-phase for more precise prediction of pregnancy.

Steroid hormone titers in feces increase with storage time because of the action of fecal

bacteria (M0stl et al. 1999; Yamauchi et al. 1999; Khan et al. 2002; Muren et al. 2014). Author
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may need to investigate how storage time influences fecal progesterone analysis in flying
squirrels to apply in the field without the need for capture. Nevertheless, in this study author
successfully used feces that had been defecated within 3 hr, and could detect pregnancy in the
Siberian flying squirrels. Suzuki et al. (2011) reported that feces of this species can be collected
by an umbrella set at the base of a cavity tree. Because Siberian flying squirrels leave their nest
cavities 20 to 40 min after sunset (Yamaguchi and Yanagawa 1995), progesterone analysis of

feces collected by an umbrella within 3 hr of sunset should be accurate in detecting pregnancy.

Little is known about basic reproductive physiology of Siberian flying squirrels. Previous
studies have investigated the reproductive physiology of ground and arboreal squirrels (Tait et
al. 1981; Concannon et al. 1983; Holekamp et al. 1988; Pettitt et al. 2008; Strauss et al. 2009).
The most striking feature of reproductive physiology is the increase in progesterone
concentrations during lactation. In ground squirrels, such as the Cape ground squirrel Xerus
inauris, the California ground squirrel Spermophilus beecheyi, the European ground squirrel
Spermophilus citellus and the woodchuck Marmota monax, high progesterone concentrations
have been detected during lactation, although these species produce only one litter per year
(Concannon et al. 1983; Holekamp et al. 1988; Strauss et al. 2009). The estrous cycle is
reinitiated during lactation period, because examination has revealed the presence of neither
corpus luteum nor their remains during early lactation (Millesi et al. 2008). In arboreal squirrels,
Tait et al. (1981) investigated progesterone concentrations of the gray squirrel Sciurus
carolinensis during pregnancy and lactation. They found that, unlike in ground squirrels,
progesterone concentrations after parturition were low. However, their investigation lasted for
only 2 weeks after parturition. Therefore, the analytical period was not enough to reveal whether

or not the estrous cycle had been reinitiated. In contrast, the American red squirrel Tamiasciurus
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hudsonicus enters estrus during lactation, because mating occurs during lactation (Boutin et al.
2006). An increase in progesterone levels should therefore be detectable. The females of some
arboreal squirrels produce a second litter after a successful first reproduction (Boutin et al.
2006). Although the reproductive trial per year differs between ground and arboreal squirrels, in
both types of squirrel the estrous cycle is reinitiated after parturition. Therefore, estrus cycling
during lactation seems common in the Family Sciuridae. Like other squirrels, flying squirrels

may enter estrus and mate during lactation.

Author hope that fecal progesterone analysis will be used to study the reproductive
physiology of Siberian flying squirrels. Because this analysis is non-invasive, it should be
possible to study the reproductive physiology of Siberian flying squirrels in fragmented forests
without subjecting the animals to additional stress. To conserve populations of Siberian flying
squirrels in fragmented forests, it is important to their monitor population dynamics.
Demographic parameters such as pregnancy rate could be estimated by measuring progesterone
(McKenzie et al. 2005). Therefore, fecal progesterone analysis could help to evaluate population
dynamics in the flying squirrels, although data on other parameters such as age at maturation

and mortality rate are also needed.
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Fig. 1. Serial dilution results from fecal progesterone (A) and a standard curve (B). Fecal
progesterone was serially diluted 1:16, 1:32, 1:64, 1:128, 1:256, 1:512, 1:1024, 1:2048, and
1:4096. Standards were serially diluted from 7.8 to 1000 pg/ml. The slopes of the two

regression lines did not differ significantly (P = 0.245).
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Fig. 2. Ninety-five percent confidential intervals of fecal progesterone concentrations among
pregnant females (18 fecal samples from 6 females), adult females in non-breeding season (11
fecal samples from 10 females), juvenile females (10 fecal samples from 8 females), and adult
males (10 fecal samples from 9 males), shown as means + 2 SE. Crosses represent means; 95%
confidential intervals are not shown as less than zero, because the fecal progesterone was

necessarily more than zero.
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3. Fecal progesterone concentrations and dynamics during lactation in Siberian flying squirrels

Pteromys volans

Introduction

The reproductive strategy is a key concept of species survival. The Siberian flying squirrel
Pteromys volans is a seasonal breeder. Females enter estrus from the end of February to July in
Hokkaido, Japan and have a 10-day estrous cycle (Yanagawa 1999). Pteromys volans has a
mean gestation length of 40 days (Selonen et al. 2013) and a mean lactation length of 60 days
(Hanski et al. 2000). Females produce up to two litters a year (Hanski et al. 2000); P. volans
inhabiting locations with severe winter is imposed to deliver two litters in a limited breeding

season.

In seasonally breeding mammals, reproductive behavior often underlies such time
constraints, because cessation or reduction in lactation is needed to start the next reproduction
(McNeilly 1997). Multiple breeders such as P. volans are particularly susceptible to the effects
of time constraints on reproduction. To circumvent time constraints, many small mammals,
including squirrels, have a postpartum estrus to produce a second litter or more (Gilbert 1984;
Boutin et al. 2006; Franceschini et al. 2007; Kawamichi 2010; Smith et al. 2011). Postpartum
estrus is considered a time-saving strategy, because concurrent pregnancy and lactation reduces
the interval between litters (Gilbert 1984; Franceschini-Zink and Millesi 2008). Therefore,
similarly to these small mammals, P. volans may have a postpartum estrus to maximize

reproductive output. However, it is not known whether this occurs.
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Postpartum ovulation is inhibited by many factors. Suckling stimulus suppresses
lutenizing hormone (LH) secretion from pituitary gland (Brogan et al. 1999) and the
cooperation action of suckling stimulus and prolactin has suppressive effect on LH secretion
(Maeda et al. 1990). Also, metabolic drain of milk production is contributed to the suppression
of leptin during lactation period, which leads to inhibit LH secretion and ovulation (Brogan et al.
1999). Consequently, these mechanism suppresses ovulation during lactation and progesterone
concentrations are low during lactation (McNeilly et al. 1994; McNeilly 1997; Graham et al.
2002). However, in mammals with a postpartum estrus, follicular development can be detected
after parturition, and postpartum ovulation occurs (Mossman and Duke 1973; Bravo et al. 1994;
Dadarwal et al. 2004). Progesterone levels are is known to be high after postpartum estrus
because of the formation of the corpus luteum (CL), which is the main source of progesterone
(Franceschini et al. 2007; Krepschi et al. 2013). If P. volans has a postpartum estrus, ovulation
should occur after parturition and high progesterone concentrations should be detected during
lactation. However, the progesterone secretion patterns of this species during lactation are

unknown.

Our goal was to elucidate whether or not P. volans has the physiological potential to mate
during lactation. Therefore, we investigated progesterone secretion patterns during lactation.
Progesterone concentrations were measured by fecal progesterone analysis, because this method
is non-invasive and fecal sampling can easily be repeated; moreover, this method has been

validated in P. volans (Shimamoto et al. 2015).

Materials and methods
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Animals and sample collection

A total of six female P. volans were captured in April between 2013 and 2015 by nest boxes set
in forests in the city of Obihiro (42°46'-42°53'N, 143°4'-143°11'E). The captured females were
kept temporarily in cages 46.5 x 46.5 x 56.5 cm or 41 x 37 x 73 cm each individual per cage.
The primary diet consisted of sunflower seeds and apples. Foods foraged by P. volans in the
field (Asari et al. 2008) were also provided (e.g., Japanese white birch, Betula platyphylla var.
japonica; Japanese elm Ulmus davidiana var. japonica; withy, Salix spp.; and maple, Acer
ginnala var. aidzuense). Water was provided ad libitum. We had intended that if a female had
not given birth within the period of captivity, which was at least 40 days (the length of
gestation), we would release the female. But, all six females were used in present study because

they were pregnant.

To assess progesterone dynamics during lactation, fecal samples were collected from the
six females during the latter part of pregnancy and during lactation at the time when body
condition was checked or when feces were found in the cage tray within 3 h after the cages had
last been checked. During the latter part of pregnancy, the frequency of fecal collection
depended on the individual squirrel. In most cases, feces were collected six or seven times a
week; in the case of a few females, the frequency of collection was only once or twice a week.
During lactation, feces were collected three or four times a week until or just before the
offspring began to eat a solid diet. Each fecal sample was placed in a 2-ml micro tube and

immediately stored at —30 °C until analysis.

This study followed the guidelines of the Mammal Society of Japan published in 2009

and was approved by the Hokkaido Government Tokachi General Subprefectural Bureau.
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Fecal progesterone extraction

Fecal progesterone was extracted in accordance with the method described by Shimamoto et al.
(2015). Briefly, feces were dried in a drying oven at 60 °C for 2 h and then pulverized. Each
sample was weighed out to 0.02 + 0.0009 g, placed in a 2-ml micro tube to which 1 ml of 100%
methanol had been added, vortexed for 15 min, and centrifuged at 2500g for 15 min. Next, the
supernatant was poured into a 2-ml glass vial and stored at —30 °C until enzyme immunoassay

(EIA).

Enzyme immunoassay

Fecal progesterone concentrations were determined by using the EIA procedure described by
Miyamoto et al. (1992). Standards and supernatants extracted from fecal samples were diluted

in EIA buffer (0.04 M Na,HPOQO,, 0.145 M NaCl, 0.1% bovine serum albumin; pH 7.2). The
standard curve for progesterone ranged from 48 to 50000 pg/ml. The recovery rate was 84% =+
2% (mean + SE). The intra-assay and inter-assay coefficients of variation were 4.7% and 10.2%,

respectively.

Before the analysis, we tested for parallelism between serially diluted fecal progesterone
and a standard curve (Fig. 1) and compared progesterone concentrations among different
reproductive status females (Fig. 2); the result of this test was similar to that of the previous study

(Shimamoto et al. 2015).
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Statistical analysis

The duration of the luteal phase during lactation was determined by using the process described
by Graham et al. (2002). Briefly, the mean and SD were calculated, and values above the mean
+ 1.96 SD were removed from the data set. The mean and SD of the new data set were
recalculated, and the elimination process was repeated until no value exceeded the mean + 1.96
SD. Removed values were significantly higher than those that were not removed and were
considered to represent the luteal phase. For this analysis, only feces collected during lactation

were used.

Results

The fecal progesterone profiles of the six females are shown in Figure 3. Progesterone
concentration ranges were 171.9 to 2303.9 in female A (n = 39), 133.9 to 1011.7 in female B (n
=23), 277.3 10 959.8 in female C (n = 22), 7.2 t0 5389.6 in female D (n = 33), 202.8 to 2417.7
in female E (n = 40), and 26.4 to 1575.6 ng/g in female F (n = 39). Progesterone concentrations
stayed high during the latter part of pregnancy in all females, although sharp fluctuations were
observed throughout this phase in most females; at parturition the levels dramatically declined.
Although one of the six females showed low levels of progesterone concentrations throughout
lactation, the other five showed periods of elevated progesterone concentrations considered as
luteal phases. Spikes began to appear 2 to 18 days after parturition. In addition, the same five
females showed cycling patterns of progesterone secretion. There were four luteal phases and 6,
6, and 10 days between luteal phases in female A; three phases and intervals of 13 and 10 days

in female B; three phases and intervals of 10 and 9 days in female C; two phases and an interval
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of 15 days in female D; and two phases and an intervals of 18 days in female E. The average
number of phases in these females was 2.6 + 1.0 (mean = SD), and the average interval was 10.8

+ 3.7 (mean = SD) days.

Discussions

Fecal progesterone analysis revealed that periods of elevated progesterone concentrations in five
of the six females were observed from early lactation periods. This provides evidence that the
existence of CLs during these periods, although whether or not an estrous cycle was reinitiated
after parturition is unknown. However, in P. volans, regression of CLs would have coincided
with a sharp decline in the progesterone concentration at parturition, because the CLs regress at
parturition in some squirrels—the European ground squirrel Spermophilus citellus and the gray
squirrel Sciurus carolinensis—and other mammals (Tait et al. 1981; Boyd 1984; O’Shea and
Wright 1985; Millesi et al. 2008). Therefore, our result suggests that ovarian activity was
reinitiated after parturition, ovulation occurred, and the CLs that formed began secreting

progesterone.

There are further findings to support the hypothesis of resumption of ovarian activity after
parturition. Fecal progesterone analysis during lactation showed that luteal phases occurred at
least twice and the interval between luteal phases was approximately 11 days. The estrous cycle
of P. volans has been reported to last for 10 days (Yanagawa 1999), so the intervals observed
were mostly consistent with the length of estrous cycle. The pattern of cycling of progesterone
secretion would therefore have supported postpartum ovulation and resumption of ovarian

activity.
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However, some of the six females seemed to have abnormal length of estrous cycles,
although the precise range of normal estrous length is unknown in P. volans. Female A had two
estrous cycles with durations of 6 days, and female E had one of 18 days; these lengths seem
abnormal. Previous studies have reported that the incidence of abnormal ovarian cycles in
high-producing females is increased and that such females have greater loss of body condition
than those with normal ovarian activity (Shrestha et al. 2005; Kafi et al. 2012). Uterine infection
—which prolongs the estrous cycle—also causes abnormality of the cycle (Fonseca et al. 1983).
These factors may therefore have been associated with estrous cycle abnormality documented in

our study.

All except one of the female showed cycling pattern of progesterone secretion during
lactation; in the other progesterone concentrations remained low. Thus postpartum ovarian
activity is likely suppressed in some females. The duration of postpartum anestrus is influenced
mainly by maternal body condition and suckling intensity (Montiel and Ahuja 2005; Hultén et
al. 2006). As previously reported, poor maternal body condition or a strong suckling stimulus,
or both might cause low progesterone concentrations. More information on the effects of these
factors on progesterone secretion patterns during lactation is needed to reveal more details of

postpartum ovarian activity in this squirrel.

In addition, the number of luteal phases during lactation was different among the females.
De Santiago-Miramontes et al. (2009) showed that does in greater body condition had greater
ovulation rate than those in lower body condition. This difference seems be due to a change in

concentrations of leptin (Zhang et al. 2005), which is secreted from adipose tissue and plays the
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central role to regulate the GnRH-LH system (Barb and Kraeling 2004). Low body condition,
thus, negatively influences ovulation rate and reproductive behavior via a reduction in leptin
secretion. In present study, five of the six females had different number of luteal phases, which
would be dependent on the degree of body reserve. In order to reveal this hypothesis, we will
need to investigate the relationship among ovulation rate, body reserve, a frequency of LH surge,

and the concentrations of leptin.

Unlike a number of mammals, many, but not all, P. volans seem to circumvent the
lactation-associated physiological inhibition of postpartum ovulation. Thus, as hypothesized,
many females have the physiological potential to mate during lactation. The periods of luteal
phases during lactation overlap the potential mating period for second litters, because in our
study area P. volans enters estrus between the end of February and July (Yanagawa 1999).
These findings, therefore, mean that P. volans likely has a postpartum estrus. However, we
could not identify whether or not estrus followed postpartum ovulation in this animal, because
behavioral monitoring was not performed. To confirm postpartum mating, this will need to be

done.

Postpartum estrus can provide some benefits to P. volans. This species is obligated to
reproduce in a limited breeding season because of the presence of severe winter, but this time
constraint can be circumvented if the species has a postpartum estrus. In addition to this benefit,
early birth after a postpartum estrus could prolong the growing time of the offspring before the
next winter, which could thus gain more weight than those born late in the season. The ratio of
surface area to body mass is related to thermoregulation (Louw 1993). Heavier individuals are

less likely to be threatened by heat loss, because heat loss is positively related to surface area,
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and the ratio of surface area to body mass decreases with increasing volume. Survival rate is
strongly positively related to body mass to overwinter (Loison et al. 1999). Therefore, offspring
delivered earlier because of conception during a postpartum estrus are more likely to survive. In
this way, postpartum estrus could be important reproductive strategy to improve the survival

rate of litters of P. volans.

General endocrine pattern during lactation seems to be observed among different species
of squirrels. Previous studies have shown that some species of tree squirrels and flying squirrels
have a postpartum estrus (Boutin et al. 2006; Smith et al. 2011; Kawamichi 2010); therefore
postpartum ovulation likely occur. In addition, in many species of ground squirrel, such as the
California ground squirrel Spermophilus beecheyi, the European ground squirrel Spermophilus
citellus, and the woodchuck Marmota monax, postpartum ovulation or high progesterone
concentrations have been detected during lactation (Concannon et al. 1983; Holekamp et al.
1988; Strauss et al. 2009), although these ground squirrels reproduce only once a year and never
mate after their first reproduction of the year owing to hibernation. Thus, the presence of
postpartum ovulation in squirrels does not necessarily depend on the possibility of a second
reproduction after a successful reproduction. This indicates that postpartum ovulation may be
strong phylogenetic constraint pattern in the Family Sciuridae, although its function, and that of
progesterone secretion, in the non-breeding season has been not yet been clarified. In P. volans,
high progesterone concentrations following postpartum ovulation may be detected, whether

females mate during the second lactation or not.

In conclusion, we detected periods of elevated progesterone concentrations and cycling pattern

of progesterone secretion from early lactation in some P. volans. This indicated that postpartum
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ovarian activity was reinitiated and that progesterone was secreted from the CLs formed. Therefore,

female P. volans have the physiological potential to mate during lactation.
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Fig. 1. Serial dilution results for fecal progesterone (A) and a standard curve (B). Fecal
progesterone was serially diluted at 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256, 1:512, and
1:1024. Standards were serially diluted from 48 to 50,000 pg/ml. The slopes of the two

regression lines did not differ significantly (P = 0.144).
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Fig. 2. Ninety-five percent confidence intervals of fecal progesterone concentrations in pregnant
females, non-reproductive females, juvenile females, and adult males, shown as means + 1.96
SD. Crosses represent means; concentrations less than zero are not shown, because the

progesterone concentration was necessarily more than zero.
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Fig. 3. Progesterone dynamics of six lactating females during the latter part of pregnancy and in
lactation (A: female A; B: female B; C: female C; D: female D; E: female E; F: female F).
Shaded areas are durations of the luteal phase. Arrows indicate the periods when or just before

offspring began to eat solids.
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General discussion

Feces are used for various purposes, including ecological, genetic, and endocrinological studies
(see review by Putman 1984 and Kohn; Wayne 1997). Fecal analysis could help to elucidate the
biology of Siberian flying squirrels. Here, author used feces to validate quantitative method to

confirm presence and to investigate fecal progesterone levels and their patterns of variation.

Previously, presence had been determined by searching for feces throughout the whole
forest, which seemed to be an inefficient method. In section 1, author found that it is more
efficient to set up five transects and to search for feces 20 cm from trees with a DBH greater
than 20 cm. In this way, author established a method for confirming the presence of Siberian
flying squirrels. In contrast to the traditional method, this quantitative method does not require
the use of professional techniques or knowledge to confirm the presence of squirrels.
Presence—absence data is one of the most basic information used to investigate animal
ecology—especially abundance and distribution (Royle and Nichols 2003; Engler et al. 2004;
MacKenzie 2005). Therefore, use of the fecal analysis method established in section 1 could
help to estimate the abundance and distribution of Siberian flying squirrels. However,
determination of absence by using this method can often be uncertain, because it is generally
impossible to confirm an animal’s absence (MacKenzie 2005). To reduce bias, repeated surveys
could improve the probability of absence, or simulated analysis using pseudo-absence data

could enhance the quality of results (Engler et al. 2004; MacKenzie 2005).

Fecal progesterone analysis has been used to predict reproductive patterns (Li et al. 2001;

Ghosal et al. 2012), because reproductive behavior is regulated by steroid hormones (Norris and
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Lopez 2011). In section 2, author demonstrated the validity of using fecal progesterone analysis
in Siberian flying squirrels to predict pregnancy. In section 3, author used fecal progesterone
analysis to profile progesterone concentrations and dynamics during lactation. Because the
Siberian flying squirrel is nocturnal and small, it is difficult to observe its reproductive behavior
and monitor its reproductive status unless radio telemetry is used. However, the results obtained
from fecal progesterone analysis indicated that lactating females had the opportunity to mate.
Thus, fecal progesterone analysis is useful for investigating the reproductive biology of these

animals.

Siberian flying squirrels depend to an extreme degree on forests, but forest fragmentation
has caused breaking apart forest area and losing forest size in the worldwide. As a result,
populations of Siberian flying squirrels have decreased in Finland, Estonia, and South Korea
(Hokkanen et al. 1982; Timm and Kiristaja 2002; Jackson 2012). In the city of Obihiro, in
Hokkaido, the population of Siberian flying squirrels has likely decreased in the same way as
overseas, because the forest area has now decreased to 4% of that 100 years ago (Konno 2002).
Many studies have been conducted in an effort to conserve this squirrel. Occupancy sites can be
predicted by using estimation models (Reunanen et al. 2002; Hurme et al. 2008a; Santangeli et
al. 2013), but it is unknown whether the populations at these estimated occupancy sites can be
maintained in the long term, because the effects of forest fragmentation have a time lag
(Kuussaari et al. 2009); the responses of Siberian flying squirrels to these time lags are unclear
and need to be monitored. Therefore, long-term monitoring using the quantitative method,
established from the method documented in section 1, could help more precisely to evaluate the
effects of forest fragmentation; however, several questions remained unclear in order to achieve

mentioned above.
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To establish the quantitative methods for confirmation of the presence or for evaluation of
the population density, we need to take into account pellet decay rate (Sato et al. 2005). Prugh
and Krebs (2004) reported that habitat type can affect pellet decay rate, which was likely due to
differences in moisture levels and substrate type. In addition, pellet decay rate is higher in the
wet season than that in the dry season (Rivero et al. 2004); thus, season can also affect it.

However, pellet decay rate or the effect of habitat type or season on it are unknown in P. volans.

The quantitative method will also require the number of defecation and pellet (Sato et al.
2005). The diet can affect these, because the inclusion of fiber in the diet increases fecal weight
and number of defecations (Kelsay et al. 1978). P. volans shifts the diet with a change of season
(Asari et al. 2008). Therefore, the number of defecation and pellet in P. volans will change with
season. To use the method established in Section 1 as monitoring methodology, we need to
reveal not only the effects of environmental factors, such as habitat type and season, on pellet

decay rate, but also the variation of the number of defecation and pellet.

Previous studies have shown that animals living in fragmented forests are stressed by
human activity (Wasser et al. 1997; Suorsa et al. 2003) and that the stress suppresses ovulation
and the estrous cycle and reduces litter size and growth rates (Rivier and Rivest 1991; Sheriff et
al. 2009). Furthermore, reproductive physiology is influenced by body condition (Walker et al.
1984; Rhind and McNeilly 1986; Romero 2004): resources such as food are reduced by
clear-cutting (Zanette et al. 2000; Fahrig 2003), and consequently reproductive success is likely
to decline because of poor body condition in animals living in fragmented forests. Consequently,

forest fragmentation negatively affects reproductive success and population dynamics (Faaborg
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1995). Therefore, reproductive status needs to be assessed if we are to evaluate the effects of
forest fragmentation on Siberian flying squirrels. Progesterone concentrations are measured to
assess reproductive status and detect pregnancy in wild populations of other animals (McKenzie
et al. 2005; Rolland et al. 2005). Also, in Siberian flying squirrels, fecal progesterone analysis
could be used to predict pregnancy rates in populations in fragmented forests, and this could

help to assess population dynamics in these fragmented areas.

In addition to in situ conservation, ex situ conservation is often applied to animals
subjected to population decreases, i.e. endangered species (Conde et al. 2011). Ex situ
conservation focuses mainly on captive breeding in zoological parks and aquariums to increase
populations, and breeding animals are reintroduced to their original habitats. Some animals,
such as carnivores, have been successfully reintroduced (see review by Jule et al. 2008).
Application of endocrine techniques can suggest problems in captive-breeding programs and
can guide hormone therapy in endangered species (Wikelski and Cooke 2006), and steroid
hormone measurements have been conducted in a variety of wild and zoo animals (Heistermann
et al. 1997; Tsubota et al. 1998). No stress, or low stress, is preferred for measurement of steroid
hormones in zoo and wild animals; fecal steroid hormone analysis is thus useful because it is
non-invasive (see review by Schwarzenberger 2007). Physiological research can elucidate the
endocrine patterns of the estrous cycle and pregnancy, as well as reproductive behavior; it can

also help in artificial insemination.

Siberian flying squirrel populations are declining, as mentioned above. Survival rates and
population growth of populations in fragmented forests are low (Lampila et al. 2009a),

indicating that fragmented forests are likely to be sinks. To conserve Siberian flying squirrels,
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its habitat preference, nest cavity selection, genetic variations, and ecological role in the
ecosystem have been investigated (Selonen et al. 2001; Hurme et al. 2008b; Lampila et al.
2009b; Suzuki et al. 2013), but captive breeding may also be needed to maintain populations. In
section 2, author validated the use of fecal progesterone analysis for predicting pregnancy; not
only pregnancy but also other reproductive status could be predicted. Furthermore, in section 3
author revealed progesterone secretion patterns during lactation. High progesterone
concentrations were detected despite lactation, and this seems to be the characteristic endocrine
pattern of Siberian flying squirrels. If Siberian flying squirrels express postpartum estrus,
facilitation of breeding during lactation may permit efficient captive breeding, although
knowledge about nutrition is also needed (Wikelski and Cooke 2006). Nevertheless, for
efficient captive breeding author needs to establish a more precise diagnosis of pregnancy and

will need to reveal in more detail the dynamics of progesterone during pregnancy.

In conclusion, author’s research validated this quantitative method of confirming the
presence of Siberian flying squirrels and also the use of fecal progesterone analysis to predict
pregnancy and examine progesterone secretion patterns during lactation. Research focusing on
feces can both help to reveal basic ecology and facilitate conservation in Siberian flying
squirrels, as in other animals. The use of feces for investigating the biology of Siberian flying

squirrels seems effective.
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Abstract

The animal’s sign is often focused on when difficult-to-observe animals are researched. Feces
are among the most common for animal research, and are used to reveal the basic ecology in
various studies. Furthermore, recently fecal steroid hormone analysis that is non-invasive has
been developed over the past two decades to profile the endocrine patterns. Feces can therefore
be used as a tool for studying difficult-to-observe animals, and the results obtained can help to
elucidate various aspects of animal biology, such as life history, genetic structure, and endocrine

patterns.

The Siberian flying squirrel, Pteromys volans, a member of the Family Sciuridae, is
difficult to observe. However, its feces are distinctive and can be easily identified. Despite the
diversity of information offered by fecal analysis, there has been little research on feces in
Siberian flying squirrels. Research focusing on fecal characteristics could help to elucidate the

ecology and endocrinology of this species.

Here, with a focus on the benefits of using feces, author studied the ecology and
endocrinology of Siberian flying squirrels. First, author established the confirmation method for
presence of Siberian flying squirrels by using feces (Section 1). Then, author validated the use
of fecal progesterone analysis for predicting pregnancy (Section 2). Finally, author investigated
progesterone concentrations during lactation and the progesterone dynamics of lactating females

to estimate the presence of postpartum estrus in Siberian flying squirrels (Section 3).

1) A confirmation method for the presence of the Siberian flying squirrel via feces
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There is concern about population decline and local population extinction of the Siberian flying
squirrel Pteromys volans because of forest fragmentation. The goal of this study was to confirm
a simple and efficient method of determining the presence of the squirrels to monitor the effects
of forest fragmentation. Author searched for their feces in 11 fragmented forests. Author set 12
transects, each 10 m long and 4 m wide, randomly in each forest and searched for feces within
each transects. First, to characterize the places where feces were found, author measured the
distance between the feces and the closest tree, along with the diameter at breast height (DBH)
of that tree. The feces that author found were close to large trees; author therefore found that it
was efficient to mainly search for feces within 20 cm of such trees. Second, to reveal the efforts
to search feces in each forest, author evaluated the relationship between the number of transects
on which author found feces and forest size. The number was unrelated to forest size. Therefore,
author did not need to change the research effort according to forest size. Furthermore, author

found that five transects per forest gave valid results for squirrel presence.

2) Validation of fecal progesterone analysis for predicting pregnancy in Siberian flying

squirrels Pteromys volans

Recently steroid hormone analysis using feces have been developed during past twenty years.
Development of fecal steroid hormone analysis has facilitated to elucidate a variety of wild and
zoo animals. However, there is a paucity of information on the Siberian flying squirrel’s basic
reproductive physiology, and there is no established method for studying it. The purpose of this

study was to validate fecal progesterone analysis in this animal using a commercial enzyme

48



immunoassay (EIA) kit for endocrine profiles in Siberian flying squirrels. First, author tested
parallelism between serially diluted fecal progesterone and a standard curve to validate the EIA.
Comparison of the slopes of the two regression lines to test for parallelism revealed no
significant difference. Therefore, progesterone concentrations in the fecal samples of the
Siberian flying squirrels were exactly measured. Second, author compared progesterone
concentrations among four groups—pregnant females, adult females in the non-breeding season,
juvenile females, and adult males—to determine whether fecal progesterone analysis was useful
for evaluating reproductive status using GLMM. Fecal progesterone concentrations were
significantly higher in pregnant females than in other groups. These results indicated that fecal

progesterone analysis in Siberian flying squirrels was valid for predicting pregnancy.

3) Fecal progesterone concentrations and dynamics during lactation in Siberian flying squirrels

Pteromys volans

The reproductive strategy is a key concept of species survival. Pteromys volans, which is a
seasonal breeder, produces up to two litters per year. But, P. volans is imposed to reproduce in a
breeding season because of severe winter. To circumvent time constraints, P. volans may have a
postpartum estrus similarly to a variety of small mammals. If P. volans has a postpartum estrus,
progesterone would be secreted from formed corpus luteum (CL) after postpartum ovulation.
Therefore, we investigated progesterone concentrations and dynamics during lactation in this
species by using an enzyme immunoassay to test this hypothesis. To compare fecal
progesterone in lactating females with pregnant females and non-reproductive females, fecal
samples were collected from each individuals with different reproductive status. As a result, the

95% confidence interval of fecal progesterone concentrations in lactating females overlapped
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with that in pregnant and non-reproductive females. This result indicated that a part of used
fecal samples included luteal phase. Furthermore, author captured six pregnant females in spring
and kept them temporarily to monitor progesterone dynamics during lactation. The durations
with high progesterone concentration were detected in 4 of 6 lactating females, which indicated
that follicular development was reinitiated after parturition, ovulation occurred, and the formed
CLs began secreting progesterone. Thus, author showed that P. volans has the physiological

potential to mate during lactation.

These studies showed fecal analysis can help to mainly elucidate the basic biology of
Siberian flying squirrels. However, the research using feces could also help to conserve this
squirrels of which the population have decreased due to forest fragmentation in the worldwide.
For instance, the research in section 1 showed that feces can be used as the indicator of presence,
and might be useful to monitor the lag time effect of forest fragmentation on the population of
the squirrel. Furthermore, forest fragmentation has deleterious effect on the reproductive
physiology of living animals in fragmented forests. Therefore, reproductive status needs to be
assessed if we are to evaluate the effects of forest fragmentation on Siberian flying squirrels.
Fecal progesterone analysis is used to assess reproductive status and detect pregnancy in wild
populations of other animals. Also, in Siberian flying squirrels, fecal progesterone analysis
could be used to predict pregnancy rates in populations in fragmented forests, and this could

help to assess population dynamics in these fragmented areas.

In addition to in situ conservation, ex situ conservation is often applied to animals
subjected to population decreases, i.e. endangered species. Ex situ conservation focuses mainly

on captive breeding in zoological parks and aquariums to increase populations. Application of
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endocrine techniques can suggest problems in captive-breeding programs and can guide
hormone therapy in endangered species. In section 2, author validated the use of fecal
progesterone analysis for predicting pregnancy; not only pregnancy but also other reproductive
status could be predicted. Furthermore, in section 3 author showed that high progesterone
concentrations were detected despite lactation, and this seems to be the characteristic endocrine
pattern of Siberian flying squirrels. If Siberian flying squirrels express postpartum estrus,
facilitation of breeding during lactation may permit efficient captive breeding. Nevertheless, for
efficient captive breeding author needs to establish a more precise diagnosis of pregnancy and

will need to reveal in more detail the dynamics of progesterone during pregnancy.
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