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Chapter 1

Introduction

The importance of biological pest control in agroecosystems is increasingly
recognised (Bommarco et al., 2013; Chaplin - Kramer et al., 2011). In 1992,
the United Nations Conference on Environment and Development concluded
that integrated pest management (IPM), which combines biological control,
host plant resistance, and appropriate farming practices while minimising
pesticide use, is the best option for sustainable agriculture (UNCED, 1992).
Numerous studies on arthropod pests have estimated the effects and
economic values of biological pest control services (Barbaro et al.,, 2017;
Losey & Vaughan, 2006; McMurtry & Croft, 1997; Mols & Visser, 2002; Rusch
et al., 2016; Thies et al., 2011). However, studies on the biological control of
rodent pests causing considerable damage to agriculture and timber
production (Paz et al., 2013; Pelz, 2003; Singleton et al., 2010) are still very
limited (Labuschagne et al.,, 2016; Sekercioglu, 2006). Rodenticides are
currently the dominant pest control measure, but misuse or overuse of
chemicals may cause widespread poisoning of non - target wildlife, as well as
the secondary poisoning of predators (Berny, 2007; Jacquot et al., 2013).
Accordingly, more ecologically safe measures are essential to managing
rodent pest populations.

My study field is the orchard area in Hirosaki, Aomori prefecture. In
orchards, one of the major animal pests which have been frustrating land



managers is a small native rodent, Japanese field vole Microtus montebelli
(Abe, 2002). Especially at heavy snow area like Hirosaki, land managers have
to find many apple trees damaged or even killed by voles following snowmelt
every spring. The problem is there is no way to assess or forecast the vole
abundance. What land managers can do had been the stopgap measures such
as reducing the number of voles with rodenticide and covering all apple tree
trunks with protectors to prevent voles debarking. Despite the many decades
of vole damages, the biology or ecology of voles in orchards had not been
really thought back. There is not even basic information available for land
managers, such as mean population abundance or breeding seasons in
orchards. This is such a contrast to the story of grey sided vole Clethryonomys
rufocanus. Grey sided vole is a major pest in Hokkaido forestry and its
population had been largely and systematically assessed for few decades
resulting in population forecasting model (Nakata et al., 2009, Nakata, 2015).
Furthermore, these long-time population dynamics data contributed
substantially to rodent population biology (e.g. Saito et al., 1998, Stenseth
et al., 2003, Saito et al., 2006).

For effective, sustainable management of pest damage, we need to
understand the biology of voles, and we need to be conscious of the
ecosystem affecting vole population abundance. What surprised me during
my survey was the population abundance of Japanese field vole in Hirosaki
seemed to be quite different from any of them known from existing studies.
Furthermore, the vole abundance was strongly affected by the ecosystem
service more than the artificial management, and the vole abundance was
not necessarily proportional to the volume of vole damage. Those surprises
made me realized, that they understand the mechanism of vole damage
requires several steps; first is to understand the basic biology and population
dynamics of voles, then the second is to find out the factors provoking voles
to debark fruit tree.

In this thesis, I mainly studied the basic biology and population
dynamics of Japanese field vole in Hirosaki, Aomori prefecture. And also, the
possibility of population management of voles was explored with an
experiment manipulating native predators. The verifications on factors
provoking voles to debark are entrusted to the future studies, but the possible
candidates of factors are discussed. I hope this study becomes a step for a
better understanding of Japanese field voles in an orchard and evolving an



ecological management of voles in orchards.



Chapter 2

Current state; what we know about the

vole and its agricultural damage

2.1 The biology of the Japanese field vole

Japanese field vole Microtus montebelliis a common and endemic microtine
rodent of Japan. Aomori is the northern limit of this species, and Hokkaido
does not have this vole (Kaneko 2008). It is nominated as a locally
endangered species in more than ten prefectures, especially in Kyushu islands
and big cities such as Tokyo, Kanagawa, Aichi, Osaka. There are many studies
about basic biology as it had been major rodent pest at all over Japan
(Watanabe 1962; Kaneko 1975). However, social biology such as mating
system, dispersion or density dependence had barely been investigated for
this species. Here, the basic biology of Japanese field vole known from
existing studies is summarized.

The Japanese field vole feeds mainly on herbaceous plants and seeds,
almost any kinds of plants but mugwort Artemisia indica (Watanabe 1962,
personal observation). With well-advanced appendix which contains
endosymbiotic bacterium, Microtus vole can digest cellulose (Stevens & Hume



1988). It is the most extreme herbivory among all rodents inhabit Japan
(Iwao et al. 1960).

Japanese field vole population is considered to have only seasonal
fluctuation although there are no long-term studies on population dynamics
of this species. The studies to estimate the seasonal density of the voles had
been facilitated in Iwate (Abe 1974), Kyoto (Kaneko 1976), Fukushima
(Kimura et al., 1980) and Kyushu (Arai & Shiraishi 1982). Historically, there
are several records of outbreaks in open forests (Udagawa et al. 1956; Ito
1975) and riverbank (Kitahara 1980). Some of those outbreaks had been
reported following the simultaneous flowering of bamboo grass, but the
correlation has not been scientifically investigated.

The vole reaches its sexual maturity at around 60 - 80 days in
captivity (Kaneko 1975; Nakatsu 1977) and the gestation length is 21 days
in laboratory observation (Yoshinaga et al. 1997). It takes at least 2 weeks
for juveniles to weigh 10 to 15 g and come out of the nests to look for food
(Yoshinaga et al. 1997). Considering common vole Microtus arvalis, which is
most common species in European continent agriculture land, can start
reproduction at two weeks after the birth (Hayssen et al. 1993), the fecundity
of Japanese field vole is not as explosive.

They are territorial (Kaneko 1975) and their home ranges are
approximately 30 m for male and 25 m for female (Odachi et al, 2015),
although the home ranges could vary according to the population density of
the vole. Physiographically, the vole prefers hollowed, wet low land to
convexed dry land. The voles burrow beneath the ground at the depth of 30
to 50 cm, and the burrows have many openings. The diameter of burrows is
approximately 3 - 4 cm width in horizontal and 2 - 3 cm width in vertical
(Kaneko 1975). In Japan, Japanese shrew-mole Urotrichus talpoides, another
burrow builder, may inhabit sympatrically. Although the openings of burrows
created by shrew-moles usually have a heap of soil around them and can be
distinguished from the flat opening created by the voles, Japanese filed vole
and Japanese threw-mole can sometimes share their burrows (Kaneko, 1975).
Therefore, the number of burrow openings might help to estimate the
abundance of voles loosely, but some consideration may be required when
the population are to be estimated by the burrow openings method (Liro,
1974).

Japanese field vole is the most dominant rodent species in agriculture



land and open forest in the Tohoku region. Although they damage grains and
vegetables, most of agricultural damage by voles in Aomori occurs in orchards
(Ministry of Agriculture, Forestry and Fisheries 2019). The vole debarks trees
during snow season. The reason for debarking could be the lack of other food
resources (Servello et al. 1984). However, the biology of voles under snow
have barely been investigated, and the factor inducing the debarking is not
scientifically confirmed.

2.2 Existing data and monitoring method

As previously mentioned, there is no long-term data of population
dynamics of Japanese field vole in Japan. Instead, as for Aomori, there are
two long-term data of agricultural damage caused by voles as far as I know;
one is the estimations of yearly economical damage amounts caused by
animal pest damage are published by Ministry of Agriculture, Forestry and
Fisheries online (e.g. for Tohoku region; http://www.maff.go.jp/tohoku/
seisan/tyozyu/higai/index.html). The other is the rate of damaged tree
calculated through sampling survey conducted by Aomori prefecture and
Aomori Prefectural Agricultural Pest Control Office.

As for economical damage amount data, the total damage at each
prefecture is estimated through the questionnaire to cities. The detail of cost
estimation method for Aomori is described in the reports issued by the
Department of Agriculture, Forestry, and Fisheries, Aomori Prefecture (2016).
The extraordinal damage by rodent pest can be observed occasionally from
the estimation (Fig. 2-2-1), this tendency is observed for not only in Aomori
prefecture but also other prefectures as well (http://www.maff.go.jp/tohoku/
seisan/tyozyu/higai/index.html). Although this damage amount estimation
shows some tendency, it is open to doubt if the reality of rodent pest damage
is reflected, as the largest year has more than 100 times larger damage than
the mean of the rest of years. Furthermore, the severe rodent pest damages
were observed in my study site even in 2015 and 2017 (personal observation),



Agricultural damage estimation in Aomori
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Fig. 2-2-1. Estimated yearly pest damage in Aomori Prefecture. The damage to
fruit production consists of 59 % of agricultural damage in Aomori.
http://www.maff.go.jp/tohoku/seisan/tyozyu/higai/index. html

but the estimation is almost zero in 2015 and 2017 in this data. The
unnaturalness of the data could be partially due to the scheme of how the
damage surveys were facilitated. In normal year, the rodent damages are
surveyed by the city government with questionnaires to several agricultural
organizations and reported to the prefecture. In heavy snow year, the
damages caused by voles are surveyed by the prefectural government survey
team in conjunction with the snow damage survey. Obviously, there would be
differences in assessment criterion and survey efforts between usual year and
heavy snow year, with the risk of underestimation of rodent pest damage
during small or medium snow year.

The another assessing data is the number and the rate of trees
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damaged by voles, reported by Aomori Prefectural Agricultural Pest Control
Office. They have surveyed apple tree damages qualitatively by sample
surveys since 1988. They split Aomori prefecture into two areas; Tsugaru
(east part of Aomori) and Kennan (west part of Aomori), and select sample
sites within each area arbitrarily every year (six to 29 survey sites for Tsugaru
area and three to five survey sites for Kennnan area). At each survey site,
from 50 to 100 apple trees were selected to quantify the damage level (small,
medium, large and fatal) for each tree. The percentage of each level was
calculated by dividing the number of trees at each level by the total number
of trees assessed. The table 2-2-1 and 2-2-2 show the yearly tree damage
rates in Tsugaru and Kennan respectively. Generally, the Tsugaru area has a
higher rate of vole damage every year. Unfortunately, the damage survey was
not facilitated in 2011 and 2012, the years when financial damage was
extraordinal.

Fig. 2-2-2 shows the comparison of two data; the total rate of
damaged trees in the Tsugaru area and the estimation of damage cost.
Although there are some similarities between two data (e.g. relatively high in
2005, and almost no damage in 2007), they are far from linked. I do not have
information for making a decision which is more reliable, although the data
from Aomori pest control centre seems to be closer to the impression through
my fieldwork from 2015 to 2019. What we can learn from those two data is
almost 10% of trees on average get some kind of vole damages every year,
and once the conditions go right (Table 2-2-1), the damage could become
extreme high (Fig 2-2-1).

The difficulty of analysing the damage data is the financial cost of a
certain area of vole damage can be largely different depending on the
vulnerability of apple trees. For example, the area voles must debark to Kill
an apple tree with 50 cm diameter is ten times larger than the one with 5 cm
diameter tree. Even there was the same number of voles, debarking the same
amount of tree barks, many more trees face the risk to be killed when there
were skinnier trees in orchards. Furthermore, Shimada (2018) pointed that
Japanese field vole has a clear preference for the JM7 cultivar which is most
widely selected rootstock for dwarfed apple tree production. Generally, dwarf
trees stay small diameter and replacement cycles are shorter. Recently, the
production with dwarfed trees is increasing according to the promotion by the
national government. The change of cultivation method should also be taken



into consideration when we look at the yearly change of financial damage
amount. If the quantitative information, such as the quantity of area
debarked by voles, was recorded on top of the damage level, it would be
more informative to grasp the reality of damage.



Table 2-2-1. The rate of apple tree damaged by rodent pest in Tsugaru area,
assessed by Aomori pest control centre. The orchards for assessment were
selected arbitrarily and the number of assessment sites varies from six to ten. At
each orchard, approximately 50 to 100 trees were assessed to calculate the
damage rate. Each tree damage was classified into five categories (Fatal; tree
trunk is debarked around and unrecoverable, Large; trunk and main branches
are partially debarked resulting in large yield reduction, Medium; branches are
partially debarked resulting in some yield reduction, Small; trunk or branches are
slightly debarked not resulting in yield reduction, None; no damage).

Tsugaru Damage rate(%) Total rate of Data
Fetal Large | Medium | Small None | damaged trees (%) | Source
1988 2.0 0.3 2.2 4.3 91.2 8.8 a
1989 0 0.6 0.7 2.0 96.7 3.3 a
1990 0 0 0 1.7 98.3 1.7 a
1991 - — - — — = a
1992 — — — — — = a
1993 — — — — — - b
1994 — — — — — = b
1995 — — — — — - b
1996 1.9 1.1 2.0 6.3 88.8 11.2 b
1997 - — — — = = b
1998 — — — — = = b
1999 0 0.8 1.4 13.9 84.0 16.1 b
2000 1.5] 1.8 3.2 6.9| 86.6 13.4] b
2001 1.2 2.2 2.4 3.9 90.3 9.7 b
2002 0 0.2 1.3 4.2 94.3 6.1 b
2003 0 0.2 1.4 2.4 96.1 4.8 b
2004 0 0.1 1.2 3.4 95.4 4.6 b
2005 0 1.4 5.8 12.6 80.2 19.8 b
2006 0.3 0.4 2.1 6.6 90.7 9.3 b
2007 0 0 0 0.1 99.9 0.1 b
2008 0 0 0.8 5.3 93.9 6.1 b
2009 0.4 1.2 1.6 3.3 93.5 6.5 b
2010 0.1 0.2 1.6 4.3 93.8 6.2 b
2011 0 0.0 0 7.5 92.5 7.5 C
2012 - — — — = = C
2013 — — — — = = C
2014 0.8 3.3 1.2 12.5 82.2 17.8 C
2015 0 1.4 0 27.9 70.7 29.3 C
2016 0 0.2 0.1 5.3 94.4 5.6 C
2017 0 2.5 3.7 37.5 56.3 43.7 C
2018 0 0.4 1.0 20.9 77.7 22.3 C
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Table 2-2-2. The rate of apple tree damaged by rodent pest in Kennan area,
assessed by Aomori pest control centre.

Kennan Damage rate(%) Total rate of Data
Fetal Large | Medium @ Small None | damaged trees (%) |Source
1988 0 0 0 0 100 0 a
1989 0 0 0 0 100 0 a
1990 0 0 0 0 100 0 a
1991 — — — — — = a
1992 — — — — — = a
1993 — — — — — = b
1994 — — — — — = b
1995 — — — — — — b
1996 0 0 0 0 100 b
1997 — — — — — = b
1998 0 0 0 1.0 99.0 1.0 b
1999 0 0 0 0.3 99.7 0.3 b
2000 0 0 0 0 100 0 b
2001 0 0 0 0 100 0 b
2002 0 0 0 0 100 0 b
2003 0 0 0 5.0 95.0 5.0 b
2004 0 0 0 0 100 0 b
2005 0 0 0 0 100 0 b
2006 0 0 0 2.8 97.2 2.8 b
2007 0 0 0 0 100 0 b
2008 0 0 0.3 0 99.7 0.3 b
2009 1.1 1.0 1.9 2.7 93.3 6.7 b
2010 0 0 0 0 100 0 b
2011 0 0 0 0 100 0 C
2012 — — — — — — C
2013 — — — — — — C
2014 0 0 0 2.8 97.2 2.8 C
2015 0 0 0 0 100 0 C
2016 0 0 0 0.8 99.2 0.8 C
2017 0 0 0 0 100 0 C
2018 0 0 0 0 100 0 C

* Alphabets in data source indicate as follow;
a: AEPEMHRLETFESEERE (Aomori Prefecture)
b: EEIEMHRLETFTESBEFR (Aomori Prefecture)
c: EEPEYRLETESEEHR (Aomori Prefectural Agricultural Pest Control Office)
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Fig. 2-2-2. The total ratio of damaged tree in Tsugaru area (bars), in
comparison with the economical estimation (grey line).
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2.3 Overview of my study site

The study site is the orchard area in the south-west of Hirosaki (40° 36" N,
140° 27’ E), Aomori prefecture. Hirosaki city is located in the flat low land in
Tsugaru basin, and the gentle hill slopes surrounding the flat area. Most of
those hilly areas is used as apple orchards. The mountains around the orchard
area are covered with a mixed plantation of Japanese cedar Cryptomeria
japonica and natural forest which consists of mainly Japanese beech Fagus
crenata, lapanese oak Quercus crispula, and Japanese red pine Pinus
densiflora. The mean temperatures in Hirosaki is 10.2°C, and the mean
maximum snow depth is 83 cm. Snowfall occurs from December to March.

12



Fig. 2-3-1 The location of study site and the land use.
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Chapter 3

Seasonal population dynamics of

Japanese field vole in orchards

3.1 Introduction

It is necessary to understand rodent population dynamics to manage their
populations and decrease the amount of agricultural damage rodents cause.
Studies of rodent populations have been performed since the early 20th
century. These studies suggest that extrinsic processes, such as food
availability and predation (e.g., Hanski et al., 1991; Hanski et al., 2001), and
intrinsic processes caused by predator-prey interactions, such as
physiological or behavioural changes (Lima, 1998; Prevedello et al., 2013;
Vibe - Petersen et al., 2006), help determine rodent population dynamics.
Studies in Fennoscandia have shown that generalist predators can reduce
rodent population oscillations as well as their reproductive rates (Klemola et
al., 2002; Salo et al., 2010; Sundell, 2006). Although these studies were
performed in a boreal region, similar population dynamics may apply in other
regions.

Capture-recapture survey and Jolly-Seber model are the golden
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standard method to estimate wildlife abundance, survival probability, and
detection (capture) probability in open population. In heavy snow region as
Hirosaki, it is not easy to conduct capture-recapture survey by a constant
interval throughout a year because of the accessibility to the trapping site
during winter and the seasonal change of ground cover condition. Hierarchical
model (Royle & Dorazio 2008) that are composed from ecological process
model and observation model make it possible to estimate targeting
parameters under such irregular and incomplete observation.

In this study, we investigate the seasonal population abundance of
Japanese field vole inhabiting snowy area and estimate the recruit and
survival. Comparing the result to the data from previous studies in similar air
temperature but different snow condition, we aim to extract the effect of snow
on population dynamics of Japanese field vole.

3.2 Materials and Methods

3.2.1 Study site and trapping design

The study site is located within the hilly terrain of apple orchards surrounding
Hirosaki city (40°36’ N, 146°27' E), Aomori prefecture, Japan (Fig. 3-2-1).
Aomori is the most northern prefecture of Honshu, located to the south of
Hokkaido Island. The west side of Aomori prefecture including Hirosaki has
annual heavy snowfall accumulation. The mean monthly air temperatures and
the recorded snow depths from 2016 to 2019 of Hirosaki, are shown Fig. 3-
2-2A and Fig. 3-2-2B. The elevation of the study site varies between 93-154
m.

At the study site, six open quadrats (five quadrats of 50 m x 50 m
and one quadrat of 50 m x 30 m) were measured off within six arbitrarily
chosen orchards (Fig. 3-2-1). All quadrats were a minimum of 200 m apart
from known Ural owl nests, to avoid owl’s overwhelming negative influence
on the vole population during the owl’s breeding season (Murano et al. 2018).
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Fig. 3-2-1 The locations of study site (Hirosaki) and the trapping sites. The
location of Takizawa where existing study by Abe (1974) was facilitated is also
shown in country map.

Fifty live-traps (27 x 7 x 9 cm; Hokkaido Forest Management Corporation,
Japan) within five quadrats and thirty live-traps within one smaller quadrat
were set near vole ground burrow openings over three consecutive nights.
The live-trap surveys were undertaken between April 2017 and May 2019
with regular surveys conducted monthly excluding the periods with snow
cover (December to March). Sunflower seeds were used as bait and traps
were stuffed with loose cotton as insulation to prevent vole death from cold.
Traps were set in the evening and checked twice daily over three consecutive
days in the morning after sunrise and the evening before sunset. Captured
voles were numbered with ear tags, and the sex and weight of each vole were
recorded.

During January and February of 2019, additional live-trappings were
conducted to measure the breeding rates under snow cover. For this survey,
live-trappings were conducted in three quadrats only; the other quadrats
would become inaccessible during mid-winter because of snow. Thirty vole
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burrow openings within three orchards were covered with chimneys before
the start of snow season, and a live-trap was set in each chimney for one to
three nights in mid-January and mid-February. The breeding status of female
voles is determined visually, as advanced pregnancy is recognizable by a
bellied abdominal and lactation status is by prominent mamillae.

3.2.2 Study animal

The Japanese field vole is common, endemic, and the only Microtus rodent in
Japan. Aomori prefecture is the most northern prefecture in Honshu island,
and the northern limit of the species (Kaneko 2008). The Japanese field vole
is territorial (Kaneko 1975) with a home range of approximately 20 m x 20
m within an agriculture field (Abe 2002). This vole feeds primarily on
herbaceous plants, but during winter snow cover season it may feed on the
bark of orchard trees. In Aomori prefecture, this vole is a prevalent pest
within apple orchards (Abe 2002). Although several population outbreaks are
on record (e.g. Ito, 1975; Kitahara, 1980), multiannual fluctuations in
populations have yet to be recorded. The Japanese field vole reaches sexual
maturity within 60 - 80 days in captivity (Kaneko 1975; Nakatsu 1977) and
has a gestation period is 21 days (Yoshinaga et al. 1997). Within 14 days
after birth, when juveniles reach a weight of 10 - 15 g juvenile voles will begin
foraging for food (Yoshinaga et al. 1997). A mature female vole weighs at
least 22 g, and a mature male vole weighs at least 25 g, observed in Aomori
prefecture (Murano, unpublished).

3.2.3 Predator survey

The mammalian predators whose territories include the study site are all
generalists predators; The Japanese Red Fox Vulpes vulpes japonica,
domestic cat Felis silvestris catus and the Japanese marten Martes melampus.
Although the study area is within the territory of Least weasel Mustela nivalis,
it is designated as a near threatened species in the region (Ministory of
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Environment, 2019), and none were detected during our survey either by
live-traps nor sensor cameras. The avian predators whose territories include
the study site include the Ural owl Strix uralensis and the Eastern buzzard
Buteo japonicus also generalist predators. In order to count the number of
predators visiting the quadrats, sensor cameras (LtI-6210MC; Ltl Acorn,
China) were employed in each quadrat from May to November, two cameras
per quadrat. The sensors cameras were relocated every four weeks to random
locations within the quadrats in order to maximize coverage. Cameras were
set with 30 seconds delay interval between triggers to avoid multiple triggers
by a single animal pass. For each vole survey, the numbers of animals
captured by cameras and tallied by species.

3.2.4 Statistical Analysis

We estimated the abundance, survival probability, and entry of voles by
Jolly-Seber model (Jolly 1965, Seber 1965) based on the capture-recapture
survey method. Amongst the methods in which the Jolly-Seber model may be
implemented, we adopted the super population approach (Williams et al. 2002)
implemented as a hierarchical model (Kéry and Schaub 2012).

The hierarchical model is composed of a process model and an
observation model; firstly, we explain the process model. The survival probability
model of each field and survey timing is as below.

mean_phi ~ N(0,103)
logit_phi ., ~ N(mean_phi, oZ4)
logit_phi., ~ N(logit_phi_, ,, 0% ansition)

1

1+ exp (—Iogit_phiflt)

phi_day,, =

Intervaly,;

Qe = phi_dayf,t

mean_phi is the mean daily survival probability in a logit scale, logit_phis. is the
daily survival probability of £h field and &th survey interval in a logit scale, Gieid
and Grransition @re the standard deviation of Normal distribution, Intervals; is the
survey interval between tth survey and &1th survey, @r:is the survival probability
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of fh field and tth survey. Because the survey interval differed in each field and
survey timing, we firstly modeled the daily survival probability and powered the
daily survival probability by the survey interval. It should be noted that we cannot
distinguish the mortality of vole and eternal emigration of vole. Then, the survival
probability of our model is the mixture of them. Prior distributions of ored and
Grransition @re a vague uniform distribution U(0, 100) (Gelman 2006).
The model about the entry (recruitment or immigration from outside of
target population) probability of vole is as below.
b,~Dirichlet(a)
b, b,
n1 = by, m =1op M= T-305
b is the entry probability of &th survey, @ = [&1, a3, ..., @] is the parameter of
Dirichlet distribution, and ¢ is the conditional entry probability of fth survey. In
this case, each component of @awas set as 1 (a non-informative prior distribution).
By using the survival probability and the conditional entry probability, we
can model the survival and entry of each vole in each survey timing as below.
z;1~Bernoulli(n;)

t-1
Zi,tlzi,t—l, ‘Zl',l""BernOU”i <Zi,t—1(pf,t—1 + Ne 1_[(1 — Zi,k)>
k=1
z;¢ is the latent variable about the existence or absence of th individual in tth

survey in the target population. The second equation indicate that the existence
or absence of #th individual in fth survey is determined by the survival of th
individual (@r+1) that existed in the target population in the previous survey
timing (Z,+1) and the products of absence probability until £&1th survey
(ITiZ4(1 =z, )) and the entry probability in t&th survey (7).

Next, we will explain the observation model. The model about detection
probability is as below.

mean_p ~ N(0,103)
logit_p,~N(mean_p, o7)
1

T1+ exp(—logit_p,)

mean_p is the mean detection probability in a logit scale, logit_p¢is the detection

Dt

probability of tth survey in a logit scale, g, is the standard deviation of Normal
distribution, and p: is the detection probability of fth survey. Because we expect
that the detection probability will differ depending on the presence/absence of
vegetation, we divided the survey timing by season (i.e., December to April or
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May to November). Prior distributions of ¢ is a vague uniform distribution U(O,
100) (Gelman 2006).

As the precise detection of voles is not possible, we account for the
potential quantity of voles which were undetected to estimate population
abundance through the use of “parameter-expanded data augmentation (PX-DA)"”
technique (Royle et al. 2007). PX-DA consists of two components: (1) adding an
arbitrary number of zeros to the data set and (2) analysing a reparameterized
version of the original model. Let’s assume that nis the number of marked voles,
NV is the latent population abundance, and M is the augmented data size. The
relationship among them is n < N < Mand N = @M, while y is the inclusion
probability. Then, the data with zeros added to the original data should be larger
enough than V. The zeros can be divided into two components: i.e., a “existed”
but unmarked vole or a vole that never exist in practice. The sum of 7 and the
number of “existed” but unmarked vole is the estimator of V. With the augmented
data, the estimation of latent state of M voles can be modelled as below.

w;~Bernoulli(y)
w; is the latent variable about the existence (1) or absence (0) of /th individual
in the target population during the whole survey and  is the inclusion probability
as stated above.

By using the above parameters, we can model the observed data
including the added zeros as below.

¥iclzie~Bernoulli(w;z;p,)
y;¢is the detection (1) or non-detection (0) of th vole in fth survey.

Estimation of the posterior distribution of the model was conducted by
the Markov chain Monte Carlo (MCMC) method that was implemented by R (R
Core Team 2018), JAGS (Plummer 2003), and the package “rjags” (Plummer
2018) of R (R Core Team 2018). We ran three parallel MCMC chains and retained
100000 iterations after an initial burn-in of 30000 iterations. We thinned the
sampled values to 1% (i.e., obtained 1000 samples as posterior distributions for
each chain). MCMC sampling was considered to be converged when the "R hat”
value became < 1.1 (Gelman et al. 2004).

Furthermore, we examined the effect of mammal predator abundance on
the daily survival probability (phi_days:) by a generalized linear model (GLMM)
with beta error structure. Although it is better to examine the effect directly in
the above hierarchical model, we evaluated the number of photographed
mammal predators by sensor camera and we could not set the camera traps
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during winter because of heavy snow in our study site. Then, the camera data is
lack for some survey timing. The response variable is phi_days and the
explanatory variable is the sum of photographed mammal predator (i.e., the total
number of photographs of red foxes, domestic cats, and Japanese marten as
stated above) per day. Each field and survey timing were included as random
effects. We estimated the parameters of GLMM by the “glmmTMB” package
(Brooks et al., 2017) of software R (R Core Team, 2018). We evaluated the
significance of the estimated coefficient by the Wald X? test.

3.3 Result

During the survey period, we captured and tagged 596 voles (14280 trap-
nights). The estimated total vole abundance (/) with a 95% credible interval
was 1124 (1061-1314) (Fig. 3-3-1). The augmented data size (M=1788) was
much larger than the total abundance, indicating that the number of added
zeros for data expansion was sufficient. Additionally, the estimated detection
probability with green vegetation (May to November) was slightly lower than
that without green vegetation (December to April) (Fig. 3-3-2). The estimated
abundance was 1.9 times the number of real captures.

The estimated population size (Fig. 3-3-3) showed the yearly peaking
in April following snowmelt and decreasing from May to July. During winter
snow cover, the population recovered to double or triple of the population
level in November. The result indicated higher entries of new individuals in
May, June, August and during winter snow season. The weights of trapped
voles at each survey are shown in Table 3-3-1. The juveniles weighing less
than 15 g were observed primarily during June and October, while very few
juveniles were captured in April and May (Table 3-3-1), though the
appearance of juvenile does vary seasonally.

The estimated daily survival probabilities during with snow cover were
relatively high compared to the probabilities during without snow cover (April
to November), particularly notable is the difference in 2017 (Fig. 3-3-4). The
lowest survival rates were observed in May or June. The mammalian
predators had a significant adverse effect on the survival rate of voles (Table
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3-3-2, Fig. 3-3-5). The number of avian predators captured on camera was
limited; hence any influence by avian predators on the vole population or
survival rate could not be identified.

The breeding status of live-trapped voles under snow cover during
January and February is shown in Table 3. Over 60 per cent of the females
were found to be in an advanced stage of pregnancy during January and
February.

o — Augmented data size
- - Marked voles

Frequency
300 400 500 600
] | ] |
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1

|
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600 800 1000 1200 1400 1600 1800

Estimated total population abundance

Fig. 3-3-1 Posterior of estimated total abundance in relation to the number of
marked voles and the augmented data size
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Table 3-3-2 Summary of GLMM about the effect of mammal predator on the
estimated daily survival probability

Estimated coefficient

Mean SE* zvalue pvalue
Intercept 3.737 0.119 31.419 0.000
Photographed mammal -0.388 0.166 -2.329 0.020

predators (/day)

* SE is standard error of estimated coefficients.

Table 3-3-3 Result of live-trapping and the breeding rate of voles in January and

February.
2019
January February

Number of captured Males 14 7
Number of captured females 10 12

Matured female (>22g) 9 11

Females in later pregnancy 6 8

Pregnancy rate 0.67 0.73

3.4 Discussion

The study results highlight two prominent observations: Firstly, the
substantial increase in population during winter snow cover, and secondly the
decrease in population following snowmelt (Table 3-3-1).

3.4.1 Population increase and breeding

Some species of Microtus are known to breed under snow cover occasionally
subject to food supplies (e.g. Tast & Kaukusalo, 1976; Norrdahl & Korpimaki
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2002) and heavy snowfalls (Beer & MacLeod 1961). Though these
observations were sporadic, hence considered a minor influence as the
proportion of breeding females observed was low (Norrdahl & Korpimaki
2002).

In our study, the population increase over winter was primarily due to
a large number of new entry (Table 3-3-1), which most likely correlate with
breeding during January and February (Table 3-3-3). Our findings indicate
that under certain abiotic conditions, Microtus breeding under snow cover can
influence population dynamics. Observations revealed that it was only during
winter snow cover that a substantial increase in population occurred.

The two existing studies reported that the breeding of Japanese fields
vole ceased during winter. One of the studies was conducted within
pastureland in Takizawa (39° 45° N, 140° 56’ E) (Abe 1974) (Fig. 3-2-1),
located on the east side of Honshu. The air temperatures are similar to
Hirosaki (Fig. 3-2-2A) but the annual snow accumulations are much less and
lacking persistent winter snow cover. The snow depths recorded at around
Abe’s study period (1972) are shown in Fig 3-2-2B. The climate data is from
the City of Morioka observatory, closest to Takizawa. In Takizawa, vole
population abundance peaks in June, and breeding ceases from January to
March (Abe 1974). The other study was conducted within a grassy field in
Yatsugatake (36° 06° N, 138° 14’ E) (Miyao, 1966) (Fig. 3-2-1).
Yatsugatake, located at a high elevation (1400 - 1500 m), with a mean
temperature lower than Hirosaki (Fig. 3-2-2A). While the study lacks data on
snow depth, the mean precipitation from December to February between
2007 and 2017 was approximately 10 % less than Takizawa’s; we extrapolate
that the depths of snow cover in Yatsugatake may be similar or less than
Takizawa. In Yatsugatake, the vole population was lowest in April and
increases during spring breeding season with a peak in August and no
breeding activity between December to April. In contrast, within our study
site, the Japanese field vole did breed during winter, under snow cover.

The effect of snow accumulation on the subnivean conditions have
been discussed in the field of soil physics. Higashi (1954) estimated the depth
in which soil freezes with the relationship to the depth of accumulated snow
cover physically. Inferring with an approximation formula that the freezing
depth of soil was proportional to the square root of the accumulated freezing
index, he calculated that the soil freezing would cease progressing with 15
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cm snow cover in the climate of Hokkaido. This result was confirmed by
Ishikawa and Suzuki (1964) by field measurements. Decker et al. (2003) also
reported that with a snow depth of 20 cm or more, that snow cover provided
an insulating effect as observed in Northern Vermont, United States. In cool-
temperate climate regions, snow depth of 15 - 20 cm is sufficient depth to
provide an insulating effect to prevent the ground from freezing, and the
temperature in subnivean environment should be kept slightly above 0 C
degreed. Snow covers insulating effect would also help to prevent freezing of
ground vegetation, which subsequently prolongs the food supply for voles.
We believe these factors contribute to promoting the intensive breeding of
voles under snow cover.

It is also notable that the breeding ceases following spring snowmelt
(Table 3-3-1). The first four or five weeks immediately following snowmelt,
the absence of widespread vegetation cover can be critical as vole survival
rates decrease because of limited food supply and the exposure to predators.
The very high pregnancy rate under snow cover (Table 3-3-3) may be an
instinctive survival investment to offset population decrease after snowmelt.

A higher number of juvenile voles weighing less than 15 g were
captured in June and October (Table 3-3-1), these were most likely born on
the study site. Few juveniles were captured during April and May (Table 3-3-
1). The new entries captured in May were likely due to migration of sub-adult
voles.

3.4.2 Population decline and predators

Another notable aspect of our study findings is the decrease in population
between April to July. In previous studies in Takizawa (Abe 1974) and
Yatsugatake (Miyao 1966), populations increased between April to June. At
our study site, the survival rates were relatively low from May to July and
highest during winter snow cover (December to March) (Fig. 3-3-4), with the
decrease of the population during the optimum breeding season in June. The
low survival rate without snow cover can be explained by the number of
medium-sized mammalian predators, which were photographed by sensor
cameras (Table 3-3-2, Fig. 3-3-5). The practice of routine vegetation
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management (grass cutting) employed within orchards contribute to the
predator effect by limiting the height of ground vegetation; making small
rodents are more easily detected and preyed upon by predators. Our findings
indicate that predation by medium-sized mammals does influence the vole
population dynamics in agriculture fields. Regrettably, the presence of avian
predators within the study site was beyond the camera’s detection capacity,
such that we could not attribute any noticeable effect to avian predators. Our
findings indicate that the difference in vole’s survival rates during periods with
snow cover and without can be considered as an ecosystem service by
terrestrial predators in the study site.

The highest survival rates observed during snow cover (Fig. 3-3-4)
would confirm the common understanding that the snow cover does provide
protective cover for small mammals inhabiting the subnivean space from the
terrestrial and avian predators (Hansson and Henttonen 1985; Duchesne et
al. 2011). During our study in Hirosaki, snow depths between 20 - 90 cm
were recorded in January and February; this is likely sufficient depth to reduce
predation. Within the study site, the risk of predation by least weasels, which
is the only major predator of small mammals within the subnivean, was
considered insignificant due to the low population density of Least weasel in
the region (Ministry of the Environment 2019). Huitu et al. (2003) revealed
in experiments with Microtus agrestis that the vole population did increase up
to its maximum carrying capacity under snow cover in the absence of
predators and sufficient food supplies were available. Within our study site,
similar conditions to the experiments conducted by Huitu et al. (2003) could
be realized in open quadrats. Without snow cover, the vole population
remained low until November due to predation, which reduces the
competition for food among the voles, and with winter snow cover, there is
also relief from predators, allowing the population increase.

This study provides an essential basic information to manage the
vole population. also indicates the importance of biological pest control
provided by ecosystem service managing the vole population abundance
low, especially during no-snow season. there were no predators in
orchards, the population abundance could go much higher. Considering the
survival probability stays high during snow season, it is important to reduce
the vole abundance as much as possible before winter. Predators seems to
give high predation pressures on voles in spring, but the effect seems to
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slow down after July. It could be most effective to support predators until
summer and concentrate artificial vole management efforts on after August
if needed. With further studies, the thresholds where artificial vole
management was required could be identified.
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Chapter 4

Breeding seasons of Japanese field vole in

heavy snow region

4.1 Introduction

The breeding seasons of small rodents had been most classical, basic
information for understanding of population dynamics and effective
management of vole population. In population biology, three rodent families
have been well investigated for its population dynamics; Microtus, Myodes
(Clethrionomys) and Lemmus, as some species of those families exhibit
outstanding multiannual population fluctuation. Generally speaking, Microtus
family seems to have relatively flexible breeding biology and the breeding
under snow were recorded occasionally (Beer & MacLeod 1961; Tast &
Kaikusalo 1976; Ylonen & Viitala 1985; Norrdahl & Korpimaki 2002) as well
as Lemmus family (MacLean et al. 1974), while Myodes family seems to breed
only from spring to fall (Ylonen & Viitala 1985; Saito et al. 1998; Norrdahl &
Korpimaki 2002). Considering this flexibility, for Microtus, it is more important
to understand the breeding seasons at each region for effective management.

Japanese field vole is the only one Microtus rodent in Japan (Odachi,
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2015). Their breeding timing is known to vary even inside of Japan according
to the surrounding environment (Miyao et al., 1966; Abe 1974; Kaneko,
1976; Saito et al. 1980; Kimura et al. 1980). Kaneko (1975) pointed, the
voles seems to stop breeding during hot summer with air temperature over
than 26°C, while in the cooler climate region (Iwate and Nagano), their
breeding was considered to cease during winter. The unique population
dynamics observed in Hirosaki (Chapter 3) suggests different breeding
pattern of voles, especially the breeding under snow. To validate this
assumption and explore the detail of breeding biology of voles, I investigate
the monthly breeding status of Japanese field vole anatomically.

4.2 Materials and methods

The 131 vole samples with 72 females and 59 males collected through the
trappings from 2015 to 2019 at orchards within the study site (Fig 1-3-1). All
samples were weighed, dissect and sorted by the month they were captured.
The breeding status of each sample was examined referencing to Nagorsen
& Peterson (1980); for male voles, the major axis of testes was measured
and the visibility of tubules in the cauda epididymis were checked if the
tubules were visible, the sample could be considered to be reproductively
active. For female voles, the visibility of teats and the status of mammary
tissue were observed, and then the condition of the uterus are examined. The
sample was determined as “pregnant” if there were any embryos exist in its
uterus. If a sample has heavily developed mammary tissue, it was regarded
as “lactating”.

4.3 Result

4.3.1 Male
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Total 59 males were examined (Table 4-3-1); the heaviest individual was 44.7
g and the lightest one was 16.3 g. Of 59 males, 48 samples have clear visible
tubules in their cauda epididymis, while 11 samples did not. Almost all
samples with clear tubules in their cauda epididymis have testes with the axis
longer than 9.0 mm, except two samples (8.9 mm and 8.4 mm). Thus, the
males with testes more than 9.0 mm long could be regarded as reproductively
positive. Fig. 4-3-1 shows the plots of length of major axis of testes against
its body weights. Most of males reproductively positive are over 25 g, except
one sample (22.6 g in April). This implies that the voles need to be at least
25 g to become reproductively active in Hirosaki, which means 51 out of 59
males should be considered as adult. On a monthly basis, more than 75 % of
males are reproductively positive throughout the year, although there is no
data for December and January (Table 4-3-1).

Fig. 4-3-1 The plot of the length of major axis of testes against the body weight
of male Japanese field vole in Hirosaki (n=59).
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Table. 4-3-1 The number of male samples examined (n=59).

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Number of samples
N - 1 4 15 9 4 4 3 3) 4 10 -

examined (Male)

Number of samples above

A - 1 4 9 9 3 4 3 ) 4 9 -
25g
Number of samples with
B - 1 3 9 9 3 4 3 4 4 8 -
visible epididymal tubules
Breeding rate (B/A) - 100 075 1.00 1.00 1.00 1.00 1.00 0.80 1.00 0.89 -
4.3.2 Female

Total 72 females were examined (Table 4-3-2); the heaviest, not pregnant
female was 37.4 g, while the lightest one was 15.1 g. Of 72 samples, 22
females were pregnant, 36 females had heavily developed mammary tissue,
and 45 females have visible teats. The mean number of embryos per one
female was 4.45. The placental scars were invisible once the uterus was
restored, thus the presence or absence of birth experience was not confirmed.
Most of pregnant female were over 22 g except one sample (18.0 g in May).
Therefore, the female voles over 22 g could be considered as adults which

Table 4-3-2 The sample size and breeding status of female Japanese field vole

examined.
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
N Number of samples examined 5 4 6 11 14 5 2 0 3 49 13 0
A samples weighing above 22¢g 3 3 4 9 11 5 2 0 3 9 8 0
B Number of samples pregnant 2 1 0 1 7 2 1 0 1 L 2 0

Samples with advanced mammary
tissue and enhanced uterus
Sanokes with advanced mammary

tissue and normal uterus

Breeding rate ((B+C+D)/A) 1.00 1.00 0.00 0.22 0.82 1.00 1.00 5 0.67 0.89 0.88
Pregnancy rate (B/A » 100) 0.67 0.33 0.00 0.11 0.64 0.40 0.50 - 0.33 0.56 0.25
Mean number of pupps 3.0 4.0 0.0 5.0 4.7 3.5 6.0 - 5.0 4.8 4.0
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Fig. 4-3-2 The rate of females in pregnancy and breeding. Total rate of females
with advanced mammary tissue and pregnant were shown as “breeding”.

could be sexually matured and reproductively active. This implies 57 out of
72 samples were grown up enough to be considered as adult.

Table 4-3-2 and Fig 4-3-2 shows the monthly rate of females which
were considered reproductively active. Although there is no data for August
and December, the highest pregnancy rate was observed in January with
67 % of matured females, followed by May (64 %) and October (56 %).
Additionally, in January, February, June and July, all of adult females were
involved in reproductive activity, either pregnant or lactating, and in May,
October and November, more than 80 % of females were reproductively
active. In March, on the other hand, no breeding activity was observed. Even
in April, the rate of females which were reproductively active was very low.

4.4 Discussion

This study revealed the breeding pattern of the Japanese field vole inhabiting
Hirosaki for the first time. The voles continuously breed through the year
except March and April, and they most intensively breed in January under
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snow. This would be the first report of the Microtus breeds regularly under
snow, and the assumption made in Chapter 3 was verified. And this study
indicate that the volume of snow could be the factor to make effect on
breeding season of Japanese field vole.

The rate of females being involved in reproductive activity was 100%
in January, February and June. Note that July also has 100 % rate, but it was
held aside as I have only small sample size (n=2). This is very high compared
to the data presented in previous study (Abe 1974). There are some studies
indicating that the matured females suppress younger female’s sexual
maturation when the population density of voles goes beyond the threshold,
called “density dependency” (e.g. Rodd & Boonstra 1988, Saito 2002).
Probably, the density of voles in the orchard was quite low compared to the
environmental carrying capacity. Thus, voles would not have to face the
competition for food resources. Therefore, the almost all females could start
the reproduction activity when the environment became suitable for them.

The results of this study indicate that voles have a good energy supply
enough to breed in January and February. This indication, however, could
conflict with the general understanding of winter debarking; pest voles debark
trees because of lack of more preferable food resources (Servello, et al, 1984).
The mechanism inducing voles debarking under snow needs further
exploration.

Regardless of new questions, the regular breeding of Japanese field
vole under deep snow had been confirmed with the experiment in this chapter.
This would be an example of adaptation to heavy snow environment by
Microtus vole, and this should be taken into consideration to develop
ecological pest management.
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Chapter 5

Effectiveness of vole control by owls in

apple orchards

5.1 Introduction

Raptors are predators that influence rodent population dynamics (Ims &
Andreassen, 2000; Korpimaki & Norrdahl, 1991). As most raptors are purely
carnivorous (Konig et al., 1999), they are less likely to damage crops and
fruit compared with omnivorous mammalian predators. Moreover, some
cavity - nesting species, such as owls, can be effectively attracted by erecting
nest boxes (Meyrom et al., 2009). Currently, studies on rodent pest control
by raptors are restricted to particular species such as the barn owl Tyto alba
(Labuschagne et al., 2016). Despite the widespread erection of nest boxes
for barn owls, very few field studies have quantified how effective this is as a
means of pest control (Kross et al.,, 2016; Meyrom et al., 2009; Munoz -
Pedreros et al,, 2010; Paz et al., 2013; Wood & Fee, 2003).

The Ural owl Strix uralensis inhabits a wide region in mid - latitude
Eurasia, extending to Japan (Koénig et al., 1999). This species is a large
cavity - nesting owl and considered a generalist predator (Klemola et al.,
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2002; Korpimaki & Sulkava, 1987; Lundberg, 1981) that primarily preys on
small rodents (Cramp et al.,, 1985). Investigating the diet of this owl and
quantifying its effect on pest density can help reveal the role of Ural owls in
orchards and determine whether the species may be beneficial as a pest
control agent.

In Japan, Ural owls inhabit a variety of environments, from forest to
agricultural land (Kobayashi, 1978; Takano et al.,, 1985) and frequently nest
in the hollows of apple trees in orchards located in the Aomori Prefecture of
northern Japan (Azuma, 2007). The Japanese field vole Microtus montebelli
is the dominant rodent species in orchards (Abe, 2002) and can cause severe
damage to the trunks and roots of apple trees during the winter when they
covered in snow (Abe, 2002; Azuma, 2007). Apple orchard land managers
have historically appreciated the ability of owls to reduce rodent abundance;
however, the impact of owls on vole population has not been scientifically
studied. Several decades of promotion of intensive fruit production (Ministry
of Agriculture, Forestry and Fisheries, 2016) have resulted in widespread
replacement of old apple trees with young dwarf trees. By the beginning of
the 21st century, the number of apple trees with cavities suitable for owl
breeding had declined accordingly. The loss of potential nest sites in turn
caused owl populations to decline (Kdnig et al.,, 1999). If owls do provide
considerable pest control in apple orchards, the loss of native nest sites could
be compensated for by providing supplemental nest sites inside apple
orchards. This practice would be mutually beneficial to land managers, who
receive biological pest control, and owls, who gain breeding sites.

In this study, I evaluated the effectiveness of Ural owls as biological
control agents as a means of developing IPM schemes for orchards. To
quantify the predator effect of Ural owls on rodents, I conducted two surveys.
First, I determined the diet of Ural owls breeding in apple tree hollows during
the rearing period. Second, I encouraged the owls to breed in apple orchards
by setting nest boxes. I then monitored the seasonal changes in vole
population sizes in orchards with and without breeding owls. I also examined
whether the distance from the forest edge to nest boxes, as well as vole
density around nest boxes, influenced Ural owl nest site selection.
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5.2 Materials and methods

5.2.1 Study sites

This study was conducted in apple orchards in Aomori Prefecture, Japan. From
2000 to 2007, Ural owl diets were monitored at site A in Namioka (40° 42’
N, 140° 34’ E; Figure 5-1-1a). From 2014 to 2017, the quantification of pest
control by breeding Ural owls was conducted at site B in Hirosaki (40° 36’
N, 140° 27’ E; Figure 5-1-1b). This was done by attracting owls to orchards
with nest boxes. Sites A and B are approximately 20 km apart. The flatlands
in both study sites are surrounded by gently sloping hills adjacent to a
mountain. Most of the hilly areas are used for apple production, and the
steeper hill ranges are covered with a mixed plantation of Japanese cedar
Cryptomeria japonica and natural forest. Both sites are in the beech forest
zone, which consists of Japanese beech Fagus crenata, Japanese oak Quercus
crispula, and Japanese red pine Pinus densiflora. The mean temperatures in
Namioka and Hirosaki are 10.4 and 10.2°C, respectively, and the mean
maximum snow depths are 107 and 83 cm respectively. Snowfall occurs from
December to March.
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Fig. 5-2-1 (a) Study site A in Namioka, with the location of Ural owl nests in
apple hollows. The letters indicate Nest ID. The area specified as “Open field”
includes fallow field, a vegetable garden, and bare land. (b) Study site B in
Hirosaki used for the nest box experiment. The nests surrounded by circles
indicate occupied nests, and the nests surrounded by two circles were

occupied twice during the study
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5.2.2 Ecology of the Ural owl and the Japanese field vole

Ural owls typically begin laying eggs in March (Watanabe, 1989). Incubation
lasts 28-35 days, and owlets leave the nest approximately 35 days after
hatching (Koénig et al., 1999). Because of the need for parental care after
fledging, young owls stay with their parents for another 3 months before
dispersing in late August or early September (Cramp et al., 1985). Ural owls
have rarely been observed to lay replacement clutches (Lundberg, 1981).
Adult Ural owls are territorial and generally stay within the same territories
throughout the year (Kénig et al., 1999). However, there is no data regarding
the home ranges of Ural owls that inhabit agricultural areas.

The Japanese field vole is a territorial, herbivorous vole. Populations
of the species show seasonal fluctuations (Abe, 1974), although they also
may produce outbreaks once per several decades after the blossom of the
sasa (Sasa kurilensis;, 1to, 1975). A previous study conducted in northern
Japan has found the vole population density to be 20-100 voles per hectare
in grassland (Abe, 1974). Vole breeding peaks in spring and fall (Kaneko,
2008; Kimura et al., 1980), with a mean of 4.3 offspring per female (Abe,
1974). Around 14 days after birth, young voles become ambulatory and begin
to forage (Yoshinaga et al., 1997). Within 30-40 days after birth, the voles
obtain a young adult weight (Yoshinaga et al., 1997) and may disperse from
their nests. Within 100-120 days, voles reach sexual maturity (Kaneko,
1975).

5.2.3 Monitoring of Ural owl prey animals

From 2001 to 2007, we conducted a diet study of Ural owls nesting in apple
orchards at study site A (Figure 5-3-1a). Video cameras (DCR - PC9, DCR -
SR100, and DCR - TRV300 [Sony, Japan]; and HHCIR - S38BCIR [Hoga,
Japan]) were attached to the inside of the apple tree nests and used to
monitor the prey brought to nests by adult owls. Recordings were conducted
24 hr a day for 12-37 days at six nests. Prey animals were identified to genus
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by body size, auricle shape, and tail length. The proportion of each species in
the diet was calculated by dividing the number of each prey species by the
total number of identified preys.

5.2.4 Nest box installation

Sixty nest boxes were installed in 55 orchards at site B (Figure 5-3-1b) in
November 2014. The distribution of nest boxes was not uniform as nest boxes
could only be installed in orchards where permission had been obtained from
land managers. The mean distance £ SD between nest boxes was 349 + 271
m. Each nest box was 36 x 36 x 70 cm with an 18 cm diameter front entrance.
The material to produce a nest box cost approximately US $25. Nest boxes
were visited once in late March and once in May each year to detect all nesting
owls. Additionally, the owls breeding in apple tree hollows were identified by
interviewing land managers.

Assessing the environmental requirements for owls breeding in
agricultural areas is important for increasing occupancy rates and harnessing
owls as biological control agents. To determine whether breeding owls require
a nearby forest patch for breeding, we measured the distance from each
occupied and unoccupied nest box to the nearest forest patch. Furthermore,
prey vole population densities in April (the measurement method is described
in the next section) were compared between orchards that had occupied and
unoccupied nest boxes. The mean distance £ SE from occupied nests to
quadrats for measuring vole density in orchards with breeding owls was 39 +
6 m, while the mean distance to quadrats in orchards without breeding owls
was 1026 £ 168 m.

5.2.5 Vole population density estimation by live - trapping

We measured vole population changes in 39 orchards (29 in 2016 and 10 in
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2017) in which at least one nest box had been installed. Of the 39 orchards,
10 had breeding owls, and the other 29 orchards were selected arbitrarily.
The mean area £ SE of the 39 orchards was 1.06 £ 0.18 ha. The ages of the
apple trees within the 39 orchards varied from 2 to over 80 years old. Within
each orchard, we live - trapped voles in a single 25 X 30 m quadrat to
estimate their population size and seasonal variations in abundance. The
mean distance £ SE between quadrats was 471 £ 48 m. Two quadrats were
only 164 m apart but deemed to be independent because a paved road and
public facility separated them, providing 35 m of separation between two
orchard edges. As the home range radius for a Japanese field vole is
approximately 20 m (Abe, 2002), and given that there are paved roads,
forested areas, and non - arable lands between all orchards that obstruct the
free migration of voles, we considered all quadrats to be independent.

The population counts of small mammals by live - trapping were
repeated three times each year. The first count was conducted in April, before
the owl rearing period; the second was in May, following owlet fledging; and
the third was in November, just before snow cover. Reducing the population
density of rodents before snow cover is critical for orchard damage control.
Thirty live - traps (27 X 7 X 9 cm; Hokkaido Forest Management
Corporation, Japan) were placed in each quadrat. The live - traps were set in
front of burrow openings with bait and checked on three consecutive
mornings. Each captured vole was weighed and marked by painting inside of
one auricle with pigment paint to distinguish recaptures. The total number of
voles captured, excluding recaptures, was deemed to be the vole population
for that quadrat and used to calculate the vole density around each nest box
(Bjgrnstad et al., 1999; Nakata, 2015). In 2016, it took approximately 3
weeks to complete each series of live - trapping in 29 quadrats. As the count
in May coincided with the vole's peak breeding season, many pregnant voles
were captured at the beginning of the count series, and later many juveniles
were captured in the quadrats. In some instances, voles gave birth overnight
in live - traps. To eliminate the data skew which was caused by the time - lag
of survey, juveniles were excluded from population counts in May. We
identified juveniles by weight, as voles weighing <22 g were born within the
previous 30 days (Yoshinaga et al., 1997). Among the 39 quadrats in May, 16
quadrats contained vole breeding nests with juveniles. The mean number of
vole juveniles was 1.57 per quadrat within the owl breeding territory, and
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1.84 for quadrats outside the owl breeding territory.

5.2.6 Defining “breeding territory” of the Ural owl

To quantify the pest control effects of breeding owls, we estimated the range
in which owls foraged during nesting periods. Normally foraging areas should
be confined to territorial areas (Cramp et al., 1985). Thus, the mean distances
between two simultaneously occupied nests over the 3 years of our study
(753, 612 and 964 m) were used to estimate foraging area. Depending on
the abundance of prey, not all Ural owl pairs breed every year (Lundberg &
Westman, 1984; Pietiainen, 1989); therefore, the distance calculated during
better breeding years should reflect their minimum territorial radius. Thus,
we used 306 m as the Ural owl “breeding territory” radius in the orchards we
studied, which was half the shortest mean distance over the 3 years. To
validate the breeding territory radius that we had defined, we plotted vole
population decreases in each quadrat during the rearing period (between April
and May) against the distance from the nearest owl nest. To specify the
threshold where the owl effects became negligible, a piecewise regression
was applied using the software package Segmented (version 0.5 - 3.0;
Muggeo, 2008) in r (version 3.2.3; R Core Team, 2017). The occupancy rate
of nest boxes was calculated by excluding any neighbouring nest boxes that
were within the breeding territory. We used ArcGIS (version 10; ESRI
software) for GIS analysis.

5.2.7 Analysis of Ural owl effects on voles

Among the 39 quadrats for live - trapping of small mammals, 14 were within
the estimated breeding territory of Ural owls, and 25 were not. One of the 14
quadrats within a breeding territory was 371 m away from the nearest known
nest, but ululation and pellets were frequently observed during breeding
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season within this quadrat. Thus, this quadrat was an exception and
categorised as being within a breeding territory. The mean distance £ SE from
owl nests to quadrats within breeding territories was 73 £ 19 m, whereas the
mean distance to quadrats outside of breeding territories was 1,148 + 183
m.
To analyse the effect of breeding owls on the vole population, we used
a GLMM with Poisson distribution and a log - link function. The response
variable was “Count,” which represented the vole population of quadrats in
May and November. The five experimental variables were “Month,” “Owl,”
“Young tree,” “Forest,” and “Residential” (Table 5.2.1). “Residential”
was chosen as an experimental variable because the surrounding land - use
should affect vole density (Delattre et al.,, 2009; Michel et al., 2006). The
value of the variable “"Owl” was set at one for quadrats within a breeding
territory, and zero for quadrats outside of a breeding territory. The interaction
of “"Owl” and “Month” was also analysed to separate the effect into two
seasons: during and after rearing season. To calculate vole population
changes from April, the variable “April” was used as an offset term. Quadrat
ID and year were set as random effects with Gaussian distribution to take
into account the effects of repeated samplings in the same quadrat as well as

Table 5.2.1 Definitions and range of variables for generalised linear mixed model
analysis to examine the effect of breeding owls on vole density. The quadrat ID
and year were set as random effects

Variables Definition Range
Response

Count The number of voles captured in May and November n=78, 0-25
Explanatory

Month Vole trapping season (May or November) May or Nov

Oowl If the quadrat is within breeding territory (Yes: 1/No: Q) Oor1

Age of tree The age of apple trees in orchard (1: < byears old / 0: >5 years old) Oor1

Forest If orchard lot is bordering forest or not (Yes: 1/ No: 0) O0or1

Residential If orchard lot is bordering residential area or not (Yes: 1/ No: 0) Oor1
Offset

Capacity The number of voles captured in April n=39, 1-31
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yearly differences. Although there was a moderate positive correlation
between “Owl” and “Forest” (Pearson's r = 0.45), multicollinearity was not
observed. Other correlations among variables were low (Pearson's r < 0.35).
Therefore, we used all the variables in our GLMM analysis. The best models
were selected based on the Akaike information criterion. We used the
software package Ime4 (version 1.1 - 13) for GLMM analysis in r (version
3.2.3; R Core Team, 2017).

5.3 Results

Prey fed to young at six breeding Ural owl nests in apple orchards are shown
in Table 5-3-1. Voles were the primary prey around all nests and consistently
accounted for more than 80% of the identified prey. Other notable prey
identified were mice and small birds (Table 5-3-1).

Table 5-3-1 Prey items brought to nests by Ural owls in orchards and their
contribution (2001-2007). Nest locations are shown in Figure 5-2-1 (a) with Nest
IDs. “Vole"” includes M. montebelli and Anderson's red - backed vole EFothenomys
andersoni; “Mouse” includes large and small Japanese field mice; “Rat” includes
the Norway rat Rattus norvegicus and black rat Rattus tanezumi; and “Shrew -

mole” includes Japanese shrew - mole and Dsinezumi shrew

Study year 2001 2002 2006 2007
Nest ID N1 N1 N2 N3 N4 N5
Recording days 28 37 23 12 23 20
Number of feedings 197 335 126 152 195 148
Number of prey identified 114 280 121 121 153 122
Vole 0.82 0.92 0.90 0.88 0.90 0.80

Mouse 0.12 0.02 0.09 0.05 0.08 0.07

Contribution of  Rat 0 0 0.01 0.01 0.01 0.02
each prey type  Shrew-mole 0.02 0 0 0.02 0.01 0
Bird 0.04 0.06 0 0.02 0 0.11

Anura 0 0 0 0.01 0.01 0
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Four owl nests were discovered in apple tree hollows during our study,
and thus there were a total of 64 available nest sites at site B (Table 5-3-2).
The total number of occupied nest sites was 24, with 21 nest sites occupied
once, and three nest sites repeatedly occupied. The occupancy rate of nest
boxes was less than 20% over the duration of the study (Table 5-3-2). Sixteen
of 24 occupied nest sites were observed in the western half of site B, mainly
in orchards alongside swathes of forest (Fig. 5-2-1b). In orchards surrounded
by residential areas, nest boxes were not occupied (Fig. 5-2-1b). Vole density
in April was significantly higher in orchards with owl nests in 2016 (Mann-
Whitney U test, p < 0.05) but not in 2017 (p = 0.61) (Fig. 5-3-1). The mean
distance £ SE (minimum to maximum) to the nearest forest patch from the
owl nests and unoccupied nest boxes was 103 £ 28 m (0-423) and 145 = 23
m (0-642), respectively, and no significant difference was observed. Nineteen
of 21 occupied nest sites contained woodland within a 306 m radius circle
(presumed breeding territory), and 39 of 43 unoccupied nest sites had
woodlands within @ 306 m radius. The smallest woodland patch within a
breeding territory was 0.6 ha.

Table 5-3-2 Ural owl breeding status in study site B

Year 2015 2016 2017 Total

Number of Breeding 7 10 7 24 *
Nest box 5 8 7 20
Apple tree 2 2 0 4

Mean distance between nests; m (SD) 753 (144) 812 (41) 964 (219)

Occupancy rate (%) 13.5 20.0 13.2

Number of vole quadrats on orchard with owl nests - 6 4 10

Number of vole quadrats within owl breeding territory - 9 5 14

Number of vole quadrats out of owl breeding territory - 20 5 25

*:Three nest boxes were occupied twice during the study)
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Figure 5-3-1 Comparison of mean vole density per hectare in April (with SE)
between orchards where Ural owls selected nest sites, and orchards where
Ural owls did not select nest sites

During our two live - trapping years, with 10,530 trap nights, five
small mammal species were captured: Japanese field vole M. montebelli,
large Japanese field mouse Apodemus speciosus, small Japanese field mouse
A. argenteus, Dzinezumi shrew Crocidura dsinezumi, and Japanese shrew -
mole Urotrichus talpoides. We captured a total of 1,391 small mammals, of
which 959 were unique individuals and 432 were recaptures. The Japanese
field vole accounted for 940 (98.0%) of the unique individuals. Therefore, we
only analysed owl effects on the Japanese vole.

The piecewise regression model suggests the potential for a
breakpoint (£SE) at which the owl effect on the vole population becomes
negligible, at around 183 m (50-662 m; exp [5.21 £ 1.28]) from the owl
nests (Fig. 5-3-2). Although the difference between the two slopes was not
significant (p = 0.50), the breakpoint distance was within the presumed owl
breeding territory radius.

In both 2016 and 2017, vole population densities were highest in April,
and decreased more in the quadrats within owl breeding territories than in
quadrats outside breeding territories in both May and November (Fig. 5-3-3).
The best models derived from GLMM analysis included three variables: “"Owl”,
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“Young tree,” and “Residential” (Table 5-3-3). GLMM results indicated that
vole population densities (£SE) within owl breeding territories were 37%
(30%-47%; exp [—0.98 £ 0.22]) in comparison to the predicted population
density if there was no “Owl” effect (Table 5-3-3). The vole population
decreased significantly after April in orchards with trees less than 5 years old,
and in orchards adjacent to residential areas (Table 5-3-3).
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Fig. 5-3-2 Scatter plot of differences in captured vole populations from April to
May against the distance from the nearest Ural owl nest to a quadrat (on the
logarithmic scale). The dashed line indicates the border of the breeding territory
area (306 m). Solid lines show regression values estimated from the piecewise
regression model (72 = 0.23)
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Table 5-3-3 Generalised linear mixed model results for the effect of Ural owls on vole density. Variables included in best -

fit models selected by Akaike information criterion are indicated with plus and minus signs for positive and negative

effects, respectively. Parameter estimates, standard error (SE), Wald statistics value (2), 95% confident interval, and
probability (p:Pr < |z|) of the best model are also shown

Model rank Best model result
Variables 1 2 3 4 5 8 Estimate SE z 25%Cl 875%ClI P
Owl - -0.98 022 -4 41 -1.41 -0.54 <0.001
Young Tree - - - - - -1.086 0.37 -2.90 -1.78 -0.35 <0.01
Residential - - - - -0.71 0.34 -2.089 -1.38 -0.04 0.03
Month Nov - -
Forest + + +
Month Nov x Owl +
df 6 7 7 8 8 6
AlC 4585 4592 459.3 460 460.3 4605
delta 0 0.66 0.79 1.46 1.73 1.99




5.4 Discussion

Ural owl breeding pairs had a measurable effect on vole population densities
in apple orchards, supporting our hypothesis that they can act as a biological
pest control agent. To our knowledge, this is the first study undertaken to
test the possibility of pest control by Ural owls. In this study, Japanese field
voles were the most numerous small mammal species in apple orchards and
the primary prey of breeding Ural owls in the area (Table 5-3-1). Although
vole densities varied between years, the densities in orchards with breeding
owls were significantly higher (Fig. 5-231); this indicates that owls can detect
orchards with more prey. Previous studies on the diet of Ural owls in Japan
showed elasticity in their primary prey (mice, voles, or sparrows) based on
habitat and prey availability (Matsuoka, 1977; Morii & Shioiri, 1996; Shiraishi
& Kitahara, 2007). Moreover, Suzuki et al.,, (2013) reported that the
proportion of voles in the Ural owl diet decreased with increasing distance
from owl nests to vole - inhabited pasture areas. This finding suggests that
the proportion of prey in Ural owl diets is correlated with land - use around
their nests. We expect that the majority of voles fed to owl nestlings came
from apple orchards, the voles’ primary habitat type in our study area. These
results indicate the importance of sustaining Ural owl nest sites inside
orchards to enhance pest control by these owls.

We also found that nesting owls in orchards reduced Japanese field
vole populations by 53%-70% in breeding territories during the rearing
period (Table 5-3-3). Moreover, vole suppression was significant in both May
and November (Table 5-3-3). Although it was not statistically significant, our
piecewise regression model suggested that vole densities decreased largely
around the center of owl breeding territories (Fig. 5-3-2), which indicates that
the core foraging area should exist inside the presumed breeding territory.
One factor contributing to the strong suppression of vole numbers in May and
November may be the direct predation by Ural owls in April. Extrapolating
from the results shown in Table 5-3-1, a pair of breeding owls prey on
approximately 150-300 voles during the rearing period, which is before the
vole spring breeding season. The considerable decrease in the number of
voles of breeding age in April could potentially impact the population later in
the year. Another potential factor in reducing vole population sizes could be

53



the indirect effect of owls as predators, such as driving rodent dispersal
(Prevedello et al.,, 2013; Vibe - Petersen et al., 2006), reducing rodent
activities, and lowering survival or reproductive rates (Abramsky et al., 1996;
Haapakoski et al., 2012; Jochym & Halle, 2013; Korpimaki et al., 1994).
Preisser et al., (2005) showed that indirect effects of predators on prey
density could be as significant as direct effects. Thus, the interaction of direct
and indirect effects of predators on voles could cause long - term reduction
of vole densities within Ural owl breeding territories. The impact of the
variable “Residential” was consistent with previous studies (e.g., Delattre
et al., 1996). The negative effect of the variable “Young trees” is inconclusive
but may have occurred because there was less preferred habitat for voles
during summer, with less shade and more exposure to predators, compared
with neighboring orchards with older trees.

Future research should investigate whether Ural owls can suppress
vole density at a regional scale, as our study only verified owl effects within
breeding territories. Paz et al. (2013) detected vole suppression effects by
kestrels around their nest boxes but failed to detect effects at a regional scale
(within 2,000 ha plots). The impact of Ural owls outside of breeding territories
is not discussed in this study, as we have no data on their diet or home range
after the rearing period. To assess the Ural owl impact as a pest control agent
at the regional scale, the number and locations of owl breeding and vole
population densities need to be monitored over a longer period of time.

Another challenge is how to increase nest box occupancy rates. The
occupancy rate at site B was relatively low (Table 5-3-2) compared with the
mean occupancy rate (58%) from previous studies (Labuschagne et al.,
2016). The reason for the low occupancy rate could be biological differences
between Ural owls and other raptors. Higher occupancy rates were mainly
obtained in studies on barn owls. Barn owls, because of their biology, tend to
have high occupancy rates; they have weak territoriality, breed more than
once a year depending on prey abundance (Konig et al., 1999) and population
sizes vary based on prey availability (Dupuy et al., 2009). Such biological
traits, however, might lead to the destabilization of rodent populations
(Hanski et al., 2001). Conversely, Ural owl density is stable despite prey
abundance changes (Dupuy et al., 2009), which is important for stabilizing
rodent populations. The Ural owl occupancy rate could be increased by
efficient nest box installation taking their territory size into account. In site B,
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multiple breeding pairs occupied nest sites with a mean separation of 600 m,
indicating that 600 m is the suitable distance between nest boxes (Table 5-3-
2). We could not ascertain owl preference regarding the distance between
nest sites and forest edge, as woodland is scattered throughout our study site
and all nests were within 650 m of woodland or forest. Owls were frequently
observed roosting in forest patches during our survey, and 19 of the 21
breeding territories monitored did include woodlands. The woodland patches
near nests do not need to be large or continuous, but they are important as
they provide suitable places to roost and hunt, and refuge from predators,
which is essential for fledging owlets with low mobility. More importantly,
forest patches provide additional hunting grounds for alternative prey, such
as wood mice and songbirds, when vole populations in orchards are low. As
owls appear to benefit when their territories contain woodlands, nest boxes
should be installed near forest patches. An observed exception was two pairs
of owls without any forest patches within their presumed breeding territories.
These owls nested in the hollows of old apple trees, which the land managers
stated had been occupied consecutively for 20 years. Thus, orchards with
older trees may resemble a forest patch. Providing long - term nest sites may
improve the affinity of owls for more homogeneous orchard environments. To
obtain a more detailed understanding of the landscape requirements of Ural
owls breeding in agricultural areas, further investigation of their year - round
home ranges is required.

Additionally, programs that support predator breeding in and around
agricultural areas should be implemented carefully with consideration of both
local and regional ecosystems. Ural owls are predators that prey on many
kinds of small mammals, birds, frogs, and insects (Kdnig et al., 1999),
including endangered species. Furthermore, artificial nest boxes will typically
wear and decay within 5 years unless regularly maintained (Lindenmayer et
al., 2009).

I conclude that Ural owls have potential as biological pest control
agents because they have a diverse range of habitats and can be attracted to
orchards using nest boxes. This approach could be applied to a variety of
orchards and other crop types with neighboring forest patches, such as
vineyards, rice paddy fields, and annual crop fields. In the future, because of
the considerable effects of predators on rodent population dynamics, other
native generalist raptors could also be explored as potential biological rodent
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control agents. Supporting native raptor inhabitation in agricultural areas
could be an option for IPM and could contribute to sustaining regional
biodiversity.

56



Chapter 6

Non-rodenticide practices to manage vole

populations and damages

Until now, this thesis showed the impact of the biological pest control service
provided by ecosystem on Japanese field vole. Chapter 3 showed that the
pest vole abundance was decreased by half in orchards without artificial
treatment from April to July, and the abundance would increase double or
triple under snow cover. Chapter 5 showed the Ural owls, the native avian
predator, would suppress the density of voles by 63 % around their nests.
These biological pest control service could be more efficient than the effect of
rodenticide (. If we could make use of this service into agriculture practices
in an effective way, the use of rodenticide could be reduced. The importance
of ecosystem service, however, has not gained enough awareness, and
rodenticide is being used widely without any verification of the effect on vole
abundance.

But there is a sign of change in the world. In Europe and North America,
more ecological management practices other than rodenticide are being
discussed actively according to the increasing market demands for organic
fruits. The conferences to exchange information and seek for better
management scheme are organized year to year.
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In this chapter, I review the rodenticides used in Japan at first and
review the ecological pest management schemes being developed or
discussed. Finally, I present the practical consequence of one of the suggested
ecological management schemes, “winter feeding” at my study site, to verify
if it could prevent vole damage under snow cover.

6.1 The history of rodenticides in Japan

The history of rodenticide in agriculture starts in the middle of Meiji era
(Editorial committee of Shokubutsu boueki kouza, 1982). Until the end of
World War II, the Salmonella typhimurium was the most frequently used
rodenticide in the field (Misaka, 1954). The bacteria were cultured and bottled
into beer bottles to spread to fields, and it was appreciated by farmers
(Misaka 1954) although there were criticisms that the infectability of
Salmonella typhimurium was too low (Ueda et al., 1966). When WWII ended,
the use of the Salmonella typhimurium was forbidden as it could be harmful
to human beings, and instead, chemical rodenticides were introduced into
Japan one after another (Misaka 1954). The major rodenticides being
introduced since 1945 were « -naphthyl thiourea (called “Antu”), Sodium
mono-fluoroacetate (called “Fratol” in Japan, “1080” in the U.S.A), Zinc
phosphide and varieties of Coumarinne compounds (Misaka 1954).

The «-naphthyl thiourea was known as one of three major scientific
inventions with penicillin and DDT (Misaka 1954). is highly poisonous to
Norway rat Rattus norvegicus, however, the effectivity on herbivorous voles
was low. Because of a poor result from the field experiments, it was not
applied to practical use (Ueda et al.,, 1966), and the registration as
agricultural rodenticide had been expired in 1974 in Japan (Food and
Agricultural Materials Inspection Center (2019).

Sodium mono-fluoroacetate was the rodenticide registered in 1957,
with the strongest toxicity and high persistency. Almost 100% of removal rate
of voles were reported from field experiments (Udagawa, 1953, Ueda et al,
1966). was widely diffused, but because of its strong toxicity and
persistency inside of dead bodies, it caused unexpected poisoning of pet
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animals (Misaka 1954), wild animals including predators (Ota 1960), and
even human beings. For its severe toxicity, the use of Sodium mono-
fluoroacetate was technically restricted to groups of people under the licenced
professionals’ supervision by governmental order. For land managers of
orchards in Aomori, it had been the trump card rodenticide (Murano, personal
communication) until it was finally forbidden in 2010 (Food and Agricultural
Materials Inspection Center (2019).

Zinc phosphide was invented in Germany during WWII (Nose, 1969).
It is an inorganic rodenticide and has an immediate effect. Zinc phosphide
gets decomposed by moisture, and voles were reported to avoid feeding after
the repetitive use of it (Nose, 1969). Several products are available until now
such as “Z.P.” or "Ratemin” in Japan. Probably this is currently the most widely
used rodenticide in orchards in Aomori. The toxic substance is considered to
be the hydrogen phosphide gas produced as the result of hydrolysis of zinc
phosphide (Nose 1969; Editorial committee of Shokubutsu boueki kouza,
1982). The zinc phosphide would not have risk to cause secondary poisoning,
as it is considered to lose toxicity after releasing hydrogen phosphide gas in
rodent (Editorial committee of Shokubutsu boueki kouza, 1982). However, it
presents strong toxicity as well when other non-target mammals and avian
take directly.

All of the coumarin compounds are anticoagulant chemicals. When
animals feed on coumarin compounds for more than three days in a row, it
causes visceral bleeding resulting in death. Coumarin compounds can
produce its effect only when the animals feed on it continuously (Editorial
committee of Shokubutsu boueki kouza, 1982). The effect in the field is not
as effective as other rodenticides, but pregnant female voles could be more
vulnerable to this rodenticide (Editorial committee of Shokubutsu boueki
kouza, 1982). Several products have been registered and available for
agriculture use. There are few reports of mice which develop resistance for
coumarin rodenticide (Editorial committee of Shokubutsu boueki kouza,
1982). After 1960th, new rodenticides similar to coumarin rodenticide were
developed and introduced to Japan, such as diphacinone or chlorophacinone
(Editorial committee of Shokubutsu boueki kouza, 1982). But the side effect
for non-target wildlife of those anticoagulant has not been scientifically
verified in Japan.

All anticoagulant chemicals currently permitted in Japan are grouped
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as “first-generation Anticoagulants”, though there are rodenticides grouped
as “second-generation Anticoagulants”, which are widely used in Europe and
Canada (Albert et al., 2010; Jacquot et al., 2013; Ruiz-Suarez et al., 2014).
Those second-generation anticoagulants are reported to be accumulated
within both avian and mammal predators (Albert et al., 2010; Ruiz-Suarez et
al., 2014) and concerned to affect the predator populations (Jacquot et al.,
2013).

At this time, the rodenticides permitted for fruit production in Japan
are zinc phosphide and coumarin compounds. They do not present an
absolute control effect as the sodium mono-fluoroacetate, thus there is a
demand for more effective rodenticide. However, the intensive use of
rodenticide could have a high risk of damaging predators, which will result in
tearing apart the regulating service provided in orchards by the ecosystem.
The alternative vole management scheme should be developed and tested,
around the biological pest control services observed in this study.

Additionally, it would be important for land managers to hold some
remedies like rodenticide just in case of an emergency. To enhance the
development of better remedy, we need to enrich our understanding of the
biology of voles, ecosystem service and mechanism of vole damage.

6.2 Ecological pest management being developed

There are quite few studies to verify more ecological pest management
schemes in the world, although the rodenticide is still the major management
method worldwide. Here I introduce the ecological management schemes
including developing ones, referring Pelz et al. (2003), Witmer et al. (2009),
Sullivan et al. (2018) and Schlételburg et al. (2019).

Migration barriers (fencing) and trapping

The dispersal and migration are considered to be one of the major factors
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affecting the population dynamics of rodents in fields (Gauffre, 2009). When
voles were removed from a certain area, the vacancies will be quickly re-
colonized from neighbouring populations (Pelz et al., 2003). Furthermore,
voles in agriculture area survive by changing their habitat responding to
habitat change caused by agricultural operations (Bonnet et al., 2013).
Therefore, to prevent invasion and reduce the survivability of voles, the
migration barriers could be useful. Saucy (2004) recommends a semi-
permeable fence with one-way exit, which allows voles to leave the plots, but
prevent them from coming back in. It had been observed that vole population
abundance was relatively smaller in the small area isolated from a continuous
agricultural area (Delattre, et al., 1992; Murano, unpublished).

There are some studies to combine traps with migration fences.
Variety of fences are suggested. For example, Fuelling et al. (2010) creates
multi capture live traps with two entrance doors, combined with mesh wire
fence. The lid of box-like trap could be opened by a predator, so that predators
can prey on voles captured. Traps with similar concept are proposed by other
researchers such as Walther & Fuelling (2010) and Schlételburg et al. (2019).

It is very common to have uncultivated grassland surrounding
orchards in Aomori, and thatgrass land tends to work as a refugee for voles.
Fencing orchards where vulnerable young trees and separating orchards and
the source of voles could be one of the options to consider for reducing vole
damage.

Supporting vole predators

The vole suppression effect by mammals and owls had already been verified
in Chapter 3 and Chapter 5. Owls could be attracted to orchards with nest
boxes, and actually, the number of nest box installed in apple orchards are
drastically increasing after our study was published. The volume of vole
damage after nest box installation should be monitored to verify the effect of
predator attraction.

Mammal predators, on the other hand, have not been well investigated
in Aomori yet. Japanese Red fox Wulpes vulpes japonica was observed to occur
in relatively high density through our camera trap experiments (Murano,
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unpublished). By investigating their requirement for habitat could help to
support fox inhabitation within orchards. Domesticated cat and dogs are also
known to suppress the small mammal’s activity (Mahlaba et al., 2017).

Additionally, there are more candidate predators which could be
providing regulating service by foraging in an orchard, such as eastern
common buzzard Buteo buteo and least weasel Mustela nivalis. Eastern
common buzzard occurs in high density in Aomori as well as the Ural owl.
They require high trees for breeding and perches for hunting (Meunier et al.,
2000). To provide an environment to make buzzard easier to hunt or breed
near agricultural area could enhance the predator effect on voles. Least
weasel is the one of the major predators investigated as a specialist predator
within studies of population dynamics of northern voles. In Aomori, however,
very little is known about its biology, abundance or habitat requirement, and
further studies are required.

Note that manipulating predator animals would always require careful
consideration for the local biodiversity, as they could cause conflict with non-
targeted wild animal conservation.

Provision of alternative food

This is a method to provide preferred food artificially to satisfy the food
requirements of a target pest species. This scheme aims to divert vole's
foraging pressure from vulnerable fruit tree with some kind of attractive food.
If the cause of voles debarking in winter was the limited food source,
supplying alternative food could be an effective scheme. There is a history of
studies mainly facilitated in Canada. Servello et al. (1984) study indicated
that the apple tree bark would not be the most preferable food for voles, but
the sugar content of root bark was significantly higher in winter, and that
could invoke voles debarking during food shortage time in winter. Food
supplement experiment were conducted in Canadian apple orchards (Sullivan,
1988), and the results indicated that the alternative food supply could be a
method deserving further exploration (Pelz, 2003).
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All schemes for ecological management of rodent is still developing,
but there is a growing demand for them. EU organizes conferences of “organic
fruit growing” inviting European scientists to exchange information about
ecological production and pest management within EU countries every two
years, and the proceedings are available online through their website.

Furthermore, the understanding of rodent ecology is advancing, and
that scientific knowledge could provide useful inspiration for ecological
management of voles. For example, formerly, the predator effect was
considered as “predation” itself. But recent studies are revealing the predator
is also creating an effect called “fear”, such as suppression of activities or
enhancing emigration, and its effect on population dynamics is as strong as
direct predation. I believe the understanding of conspecific and interspecific
interaction could be a help to develop the schemes for vole damage
management.

6.3 Experiment to supply alternative food in apple orchards

To verify the effect of alternative food supplement, an experiment was
facilitated at orchards in the study site. In apple production, pruning of
branches is the usual, essential process during snow season. I frequently
observed the branches cut and left on the snow were debarked intensively or
brought into the burrows created by voles. The young branches trimmed
could be an option for vole’s alternative food during winter. Here I facilitated
an experiment to verify if providing apple branches at suitable timing could
reduce the apple tree damages.

6.3.1 Materials and method

The study was facilitated in orchards in Hirosaki from 2018 and 2019 (Fig. 6-
3-1). The study was carried out in one orchard (A) in 2018, and two more
orchards (total three orchards; A, B and C) in 2019. Within an orchard, the
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Fig. 6-3-1 The location of orchards for experiments.

two quadrats with approximately the same number of apple trees ( 21 to 56
apple trees) were set in January. Two quadrats were located at least 20 m
apart considering the home range of Japanese field vole. In a treatment
quadrat, the apple trees were pruned in January, and all pruned branches
were left on the snow so voles could reach. In a control quadrat, the apple
pruning was held until the middle of March, just before the snowmelt, and no
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branches were supplied during January and February. In April after snowmelt,
the area debarked by voles were measured with scales and calculated into an
area (cm?) per each tree. The damage area difference between treatment
and control was tested with Welch’s t-test.

6.3.2 Result

Among four treatment quadrats, one in 2018 and one in 2019 had
significantly smaller damage by voles compared to their control sites (Fig. 6-
3-2). In 2019, however, the treatment quadrat in orchard A had significantly
larger damage (Fig. 6-3-2). In orchard B, the treatment did not make
significant difference to damaged area in 2019. In orchard C, there was no
damage occurred in the treatment site, which was significantly different from
the damage at the control site.
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Fig. 6-3-2 Mean area damaged by vole in four orchards.

6.3.3 Discussion

The significant reductions of vole damaged area were observed in two
orchards out of four, although the significant difference could not be detected
when all samples were combined. As the damage level could vary year to year,
additional experiments are required to conclude the effect of the alternative
food supply.

Generally, the debarked area was 5 cm? or less in treatment quadrats
except for orchard B. This would be the acceptable damage level in most of
the orchards. In orchard B, where the treatment did not present any reduction
of debarked area, there were no vole burrows on the surface of accumulated
snow around branches. The result in orchard B might be because voles could
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not detect the branches on the snow. In a further experiment, the way to
spread branches should be improved so that voles can easily detect the
branch supply.

Pruning branches are a part of the regular maintenance process of
apple production. If the branches could be the supplemental food resource
for vole, it could be an easily employable scheme without any further
expenses for land managers.
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Chapter 7

Conclusions

My five years study revealed several interesting facts about the management
of Japanese field vole in orchards in Aomori. At the same time, it also brought
up many challenges and unsolved questions.

As reviewed in this paper, Japanese field vole has flexible breeding
biology, and its population dynamics are varied according to the climate of
each region. This means the management scheme of voles should also be
different in each region. To develop an effective vole management scheme, it
is very important to understand the population dynamics of each region and
find the critical timing for artificial management.

For Aomori, the population of voles decrease naturally from spring to
early summer in most of the orchards. These population dynamics were
considered to be driven by mammalian and avian predators (Chapter 3 and
Chapter 5). This is an encouraging result, which indicates that the main agent
managing vole population, in fact, is the regulating service provided by
ecosystem including predators, and it is not impossible to develop an
ecologically sound management scheme of pest voles in orchards in Aomori.
After the result of our nest box study (Chapter 5) was published, many more
nest boxes had been installed in orchards for owls in Aomori. Now we need
to focus on the long-term change of vole damage in the area with nest boxes,
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to verify the predator effect on a larger scale. At the same time, the other
predator’s population and ecology also should be explored, and their
contribution to ecological service should be accurately evaluated. A non-
poisoning management scheme should be also widely disseminated and
tested in the field.

The mechanism which drives voles debarking is still an open question.
Obviously, there seems to be a general tendency that higher vole abundance
during winter tends to result in larger vole damage. But the damage does not
always occur when the vole abundance was high. Those factors to influence
vole’s behaviour and induce debarking, including both biological condition and
abiotic environment need to be further explored in the future. Once we could
understand the important factors, we can forecast the expected damage level
from the vole abundance in fall and decide if we should add additional
treatments or not. To disentangle the mechanism of vole damages and find
the threshold for additional treatment, a long-term, basic assessment is
essential. Luckily, Aomori Prefectural Agricultural Pest Control Office had been
assessing the vole damage in apple orchards quantitatively for the last three
decades. Hopefully in the future, the abundance of Japanese field vole in
spring and fall will also be monitored for an in-depth understanding and
providing accurate information for land managers.
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and understanding. I would also like to say thank you to my parents, who
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certainly not least, I would say thank you to my two children, Niji and Tora.
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