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Foreword

The ability of organisms to cope with changing environments and the constraints that they pose is at the base of natural
selection and evolution. For decades, evolutionary biologists sought to understand how the evolution of organisms’
physiology, ecology and behavior allow them to adapt to their environment. Human induced global change pose major
and multi-scales constraints onto natural resources, including landscapes and biodiversity. The 6" crisis of biodiversity
extinction is currently under way and appear as being mainly caused by anthropogenic actions. In the face of these
decline in biodiversity, new research areas have emerged in the past decade, namely conservation physiology and
conservation behavior. These research areas aim at improving the scientific knowledge on the underlying mechanisms
that are at the base of species decline, in order to improve their conservation strategies. Such areas cyc research can be

app[ied to high[y anthropogenic and Vapid[y changing environments such as urban or sub-urban habitats and

farm [and .

In this context, the main aim of my thesis was to ’or'mg scientiﬁc know[edge regarding the under[ying mechanisms
responsible of the collapse in the French population of the European hamster ( Cricetus cricetus), a rodent endangered
across its European range. These results would ultimately serve to upgrade the curvent conservation strategies for this
species. First, | sought to understand how crops currently cultivated in France can affect hamsters’ biology, while trying
to find non-cultivated crops favoring their fitness and of economic interest (Thematic1). Secondly, | investigated for the
hamsters’ antipredatory behavior and developed an anti-predation device to upgrade wildlife underpasses in the French

distribution area of the species, in order to u[timate[y reconnect wild populaﬁons (Thematic11).

This manuscript is divided into 8 main sections. Following a general introduction replacing the decline of this species
into the current 6" mass extinction, results of the Thematic 1 are presented. They are divided into three different sections
(chapters 1-3), whereas the limits, scientific perspectives and applications to the improvement of monoculture farming

are developed in the chapter 4. Then, results of the Thematic 11 are presented and distributed into two sections (chapter



5 and 6), whereas the limits, perspectives and application to the improvement of wildlife underpasses are discussed in
the chapter 7. In the last part of this manuscript, 1 conclude on the results presented and 1 express my opinions regarding
the importance of policymakers, farmers and citizen for the hamster conservation. Finally, 1 replace this work into a
broader context linking global change, loss of biodiversity, human health, and inequalities in the costs and benefits

faced by human populations under the current environmental crisis.
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Introduction

“Nothing in Biology makes sense except in the light of evolution”

Christian Theodosius, 1973
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I. Living the 6*" mass extinction crisis

1. The current extinction crisis versus the 'Big Five’: the implication of human populations

Although biologists cannot precisely say how many species inhabit the Earth — this is
especially true for invertebrates and fungi, largely under-described taxa (Monastersky, 2014;
Thomas, 2009) — or exactly how many have gone extinct in the past (Ceballos et al., 2015), it is
mostly agreed that the 6™ mass extinction crisis is currently under way (Ceballos and Ehrlich, 2002;
Monastersky, 2014). Indeed, many studies — even those using the most conservative modeling
scenarios of current biodiversity loss (Barnosky et al., 2011; Ceballos et al., 2015) — highlight the
great magnitude (% of species that have gone extinct (Barnosky et al., 2011)) and the rapid rate (%
of species extinct/time over which the extinction occurred (Barnosky et al., 2011; Ceballos et al.,,
2015; Pimm and Raven, 2000; Sala and Sala, 2009)) of species extinction. Current biodiversity loss
is such that by the year 2200-2500, a predicted 75% of known species will have gone extinct. After
the Ordovician-Silurian, the Devonian, the Permian, the Triassic-Jurassic and the Cretaceous-
Tertiary (K-T) mass extinctions crises (Barnosky et al., 2011), the current crisis would therefore
officially be considered as the 6™ mass extinction crisis of our planet’s history.

This crisis is estimated to have been intensified by the exponential ‘boom’ (from 600 million
to 6.3 billion people) human population experienced from 1700 to 2003 (Cohen, 2003). This
represents a 10-fold increase in just over three centuries. The first 2 billion people milestone was
reached in 1927, the 4 billion milestone in 1974, and the 6 billion milestone in 1999. To put this
into perspective, it took some 195 to 160 thousand years for modern human Homo sapiens
populations to reach the 2 billion milestone, and a mere 75 years to triple this figure to 6 billion.
By 2050, it is estimated that 8.9 billion humans will be inhabiting the Earth (Cohen, 2003). These
trends are currently verified, since the human population just reached 7.43 billion
(“Countrymeters,” n.d.) in 2016. This unprecedented growth in human population has been
intrinsically linked to increasing pressures on natural resources (Figure 1), leading to the reduction
of both non-renewable and potentially renewable resources (i.e. renewable to a certain extent,
but some of these resources could soon reach the ‘non-renewable’ stage). These pressure and

decline of natural resources are a key point of this 6t extinction crisis.
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Company/ITP, 1998).

2. The five main anthropogenic pressures on biodiversity

This human demographic trend and the parallel development and intensification of
urbanization, terrestrial and marine exploitations (Vitousek et al.,, 1997) all constitute strong
pressures negatively affecting biodiversity. Subsequently, the 6™ mass extinction crisis has mainly
been imputed to anthropogenic changes and their effects on biodiversity (Butchart et al., 2010;
Ceballos and Ehrlich, 2002; Diaz et al., 2006; Pimm and Raven, 2000; Vitousek et al., 1997).

Anthropogenic activities that constitute a threat to biodiversity can be regrouped under five main
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categories related to global change: habitat loss (fragmentation and loss of natural habitats),
habitat degradation (e.g. pollution, modification of soil biochemical cycles), climate change,
biological invasions (introduction of alien® invasive species) and overexploitation of natural
resources (e.g. overfishing, overhunting, oil overexploitation) (Butchart et al., 2010; CBD and WHO,
2005; Myers et al., 2013; Pimm and Raven, 2000; Sala and Sala, 2009; Vitousek et al., 1997) (see
Figure 2). Recent estimations reveal that 37% of the decline in animal populations is imputable to
overexploitation, 31% to habitat degradation, 13% to habitat loss, 7% to climate change, 5% to
invasive species, 4% to pollution and 2% to disease (Monastersky, 2014). Agriculture
intensification, urbanization and overharvesting (i.e. overfishing and overhunting) represent the
three major causes of biodiversity decline (Cohen, 2003; Foley et al., 2005; Lande, 1998; McKinney
and Lockwood, 1999; Monastersky, 2014). As a consequence of these pressures, 20-43% of coral,
amphibian, bird and mammal described species are currently threatened (Barnosky et al., 2011;
Monastersky, 2014), whereas several millions of species remain to be described and their status
assessed (Monastersky, 2014); and some will most likely disappear before even being discovered.
In recent years, researchers have argued that the number of species declining or going extinct per
se is not the best proxy to compare extinction crises (Barnosky et al., 2011; Ceballos et al., 2015;
Celal Sengor et al., 2008). Rather, they highlight that other parameters are central indicators of
extinction crises and have been under-estimated in the analysis of the current extinction. The first
example is the extinction rate, estimated to be faster than all rates that would have produced the
Big Five extinctions over hundreds of thousands or millions of years (Barnosky et al., 2011). Another
example is the number of populations going extinct which is much greater than the number of
species going extinct (Barnosky et al., 2011) and directly threatens ecosystem functioning (Ceballos
and Ehrlich, 2002; Ceballos et al., 2015)). Finally, a third example is the product of the magnitude
and the intensity of the extinction crisis, known as the ‘greatness (G)' (see (Celal Sengor et al.,,
2008)). Moreover, considering solely the magnitude of species extinction at a global scale neglects
the central idea that biodiversity is not only a number, but also a relative abundance, a
composition, a spatial distribution, a range of functional traits and an interaction of genotypes,
populations, species, functional types, functional traits and landscape units in a given system ((Diaz

et al., 2006); see Figure 2).
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Figure 2: Human influence on biodiversity loss through its effects on ecosystem characteristics and
function, and its impact on global change. Causal links are represented by blue solid lines whilst
yellow dotted lines represent the feedback from one category to another. (adapted from (Colautti

et al.,, 2017; Diaz et al., 2006; Vitousek et al., 1997)).

The complexity of this 6! mass extinction crisis — that ‘resembles none of the earlier ones
and may end up being the greatest of all’ (Celal Sengor et al., 2008) — and the uncertainty regarding
its future (Monastersky, 2014; Pimm, 2008) are well recognized. This urges researchers to devote
extensive attention to evaluating current and future risks to biodiversity. Considering the
multifactorial nature of biodiversity loss and the uncertainty around ecosystem resilience to
change, two important concepts have emerged. The first is that different species do not respond
in the same way to global change: some species invade, some adapt and some collapse (CBD and

WHO, 2005; Colautti et al., 2017; Jeschke and Strayer, 2008; McKinney and Lockwood, 1999;
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Medan et al., 2011; Siriwardena et al., 1998), leading to clear ‘winners and losers’ (Diaz et al., 2006;
McKinney and Lockwood, 1999). The second is that biodiversity loss threatens global economy but
also human health and safety (Bayles et al., 2016; CBD and WHO, 2005; Diaz et al., 2006; Myers et
al., 2013; Palumbi, 2001), leading to the massive awareness that it needs to be protected (Edwards

and Abivardi, 1998).

3. Winners and losers in the face of global change: ultimate causes and consequences
Risks of extinction are population — not species — specific

It is now well recognized that biodiversity loss does not occur randomly (Cardillo et al.,
2005; McKinney and Lockwood, 1999), which tends to homogenize the biosphere and the diversity
at the local, regional and global scales. As indicated above, the winners and losers have been
considered as being family- or species-specific, with few species spreading and many collapsing on
a global scale (CBD and WHO, 2005; McKinney and Lockwood, 1999; Medan et al., 2011). The
ultimate causes of the differences between invading or collapsing species have been intensively
investigated, and many investigations have focused on the shared life-history traits and strategies
(Cardillo et al., 2005; Koh et al., 2004; McKinney and Lockwood, 1999) or on the shared ecological
characteristics (Kotiaho et al., 2005) of declining/threatened species in opposition to alien or native
invasive species. For instance, many researchers argued that endangered/declining species have
opposite ecological characteristics (e.g. narrow niche breadth, restricted resource distribution
(Kotiaho et al.,, 2005)) and life-history traits and strategies (e.g. large body size/mass, small
clutch/litter size or number of offspring per year; slow pace-of-life) than invasive species (large
niche breadth, small body mass/size, fast pace-of-life). However, a recent meta-analysis on 1813
species of birds and fish (Jeschke and Strayer, 2008) did not find evidence that species with a ‘slow’
history were ‘extinction-prone’ species whilst species with a ‘fast’ history were ‘invasive-prone’
species. They rather highlighted that threat status is mostly affected by specific ecological or life-
history traits (body mass/size and life-history variables). Therefore, they argued that invasion
success is rather positively linked to specific characteristics such as association with humans,
herbivory and diet generalists, but that these traits or characteristics would not be at the opposite
side of a same continuum. However, it is worthy to be noted that most of these studies are

predictive or correlative and are based on data from the IUCN (International Union for
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Conservation of Nature) (Jeschke and Strayer, 2008; Kotiaho et al., 2005; McKinney and Lockwood,
1999), which can be incomplete, not-updated or biased towards well-described and large body-
size taxa (mostly birds, mammals, amphibians) and neglect less-described taxa (invertebrates,
microbes...) (Barnosky et al., 2011; Ceballos and Ehrlich, 2002; Monastersky, 2014). Moreover, it is
important to remind ourselves that correlation is not causation (Ksir and Hart, 2016; Thornhill,
1991). There are also evidence that populations of some well-known successful generalist species
such as the European starling (Sturnus vulgaris) are affected (Mennechez and Clergeau, 2006) and
suggest that behavioral innovation — rather than being a habitat or diet generalist — is more
important to successfully cope with environmental change (Demeyrier, 2016; Mennechez and
Clergeau, 2006).

The hypothesis assuming that endangered/declining and invasive species are at two
opposite sides of a same ‘continuum of extinction” because of differences in life-history strategies
or ecological characteristics therefore appears unlikely. Because different characteristics can be
favored at different stages of development or invasion (Capellini et al., 2015; Colautti et al., 2017),
what appears more likely, is individuals’ characteristics may be under different selective pressures
depending on the prevailing anthropogenic conditions in the environment at a given time.
Recently, a second hypothesis has emerged accounting for the fact that even closely-related
species (sharing many ecological and life-history characteristics) can differ from being invasive to
being of conservation concern (Colautti et al., 2017). This hypothesis states that ‘more transient
ecological and genetic factors are responsible for the varied ecological success of species in nature’
(Colautti et al., 2017). Indeed, it appears that endangered species suffer from greater genetic
constraints and stronger negative biotic interactions (e.g. with pathogens and competitors) than
invasive species (Colautti et al., 2017). This leads to a ‘spectrum of ecological success’ (Colautti et
al., 2017), with at one end extinction and at the other invasion, with most species affected,
independently of their life-history pace (‘fast’ or ‘slow’), their size/mass or their diet. Therefore,
although some species or families appear to have been more affected than others, risk of
extinction is indeed not family- or species-specific but rather population-specific. Populations of a
same species can be expanding, stable or declining (Blaustein and Kiesecker, 2002; Byrne et al.,

2015; Molfetti et al., 2013; Oli and Armitage, 2004; Ozgul et al., 2010; van der Zee et al., 1992)
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depending on the prevailing environmental conditions, specifically depending on the different
abiotic and biotic factors (which interact in a context-dependent manner) to which they are

subjected (Blaustein and Kiesecker, 2002; Koh et al., 2004).

Global change, phenotypic plasticity and extinction risk of a population

The response of a population (expansion, stabilization or decline) therefore ultimately
depends on the number and strength of the environmental pressures acting on it, and the
population’s plasticity and capacity of response to these pressures. It is now well-recognized that
a given set of genotypes® may converge on the same phenotypes? or express different phenotypes
depending on the environment (e.g. genotype x environment interaction, G x E; also called
phenotypic plasticity (Stearns, 1989)). Moreover, a deleterious mutation can have no phenotypic
effects under a ‘neutral’ environment but be amplified in a stressful environmental context (i.e.
inbreeding x environment interaction, | x E (Colautti et al., 2017). It is now well recognized that the
consequences of inbreeding and of the expression of the genotype on the phenotype, on the
fitness and therefore on natural selection depend on the environment (Colautti et al., 2017). Given
that natural selection acts on the phenotype (Stearns, 1989; West-Eberhard, 2005), it appears that
the environment and the plasticity of a population are at the core of the differences of
proliferation/extinction between populations of a same species, or closely-related species.
Therefore, they can be considered as the main drivers of the place of a population (not a species)
on the ‘spectrum of ecological successes’.

Intra-individual phenotypic plasticity corresponds to the ‘ability of an organism to react to
an [...] external environmental input with a change in form, state, movement or rate of activity’
(West-Eberhard, 2003). Changes in the phenotype are numerous and can be (to name a few)
morphological (e.g. changes in body mass/size (Ozgul et al., 2010; Smith et al., 1998; Yom-Tov,
2001)), physiological (e.g. endocrine and metabolic (Ricklefs and Wikelski, 2002)) or behavioral
(e.g. plasticity of phenology (Charmantier et al., 2008), of personality (Dingemanse et al., 2010) or
of mating (Mayer et al., 2017)). They will influence (in a positive or negative way) the performances
of the individuals, their life-table variables (e.g. birth/death rates, fecundity, survival) and therefore
their fitness. If the given phenotypic plasticity increases the fitness (1) of the individuals in a given

environment, then natural selection will occur and the phenotype (and therefore the associated
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genotype) will be selected (i.e. adaptive phenotypic plasticity) (Colautti et al.,, 2017; West-
Eberhard, 2003). If not, then the phenotype will disappear from the population. This led to the
emergence of two distinguishable terms: (1) phenotypic plasticity which is a modification of the
phenotype (at a given time) arising directly from resource limits or other stresses, but that may
not be increasing fitness whereas (2) adaptive phenotypic plasticity corresponds to changes in the
phenotype that are a consequence of selection from previous generations, have a genetic basis
and will maintain fitness across a range of environment (Colautti et al., 2017; West-Eberhard,
2003). Phenotypic plasticity — either adaptive or non-adaptive, irreversible or reversible —has been
the topic of many investigations in the past four decades (Charmantier et al., 2008; Ghalambor et
al., 2007; Hendry et al., 2008; Lane et al., 2012; Réale et al., 2003; Ricklefs and Wikelski, 2002;
Valladares et al.,, 2014; West-Eberhard, 2003) and has been determined to be at the core of
(micro)evolution (Colautti et al., 2017; Ricklefs and Wikelski, 2002; West-Eberhard, 2005, 2003).

Synergic effects of global change drivers and maladaptive plasticity

However, data onto the synergic effects of global changes drivers on adaptive phenotypic
plasticity are lacking, and it is likely probable that an adaptive phenotypic plasticity might become
maladaptive (i.e. reducing fitness on the long-term basis, more than it increased it (Robertson et
al., 2013) under rapidly changing environments in the face of global change. For instance (see
theoretical examples in Figure 3), if an individual shows plasticity under the pressure of a given
global change driver (e.g. climate change), plasticity which appears to increase its fitness, then
selection occurs and the plasticity becomes adaptive. If the environment in which this plasticity
occurred remain stable over time or if the changes remain constant, the population will therefore
have a higher probability to cope and low risks of extinction (Population A, Figure 3a). However, if
the environment do not remain stable or if the individuals of a population in which a phenotypic
plasticity has been selected are under several global change threats, they will have subsequently
lower chances to cope and the population might (strongly) decline (Population B, Figure 3a). In this
case, the previously adaptive plasticity towards a given global change driver has a higher probability
to become maladaptive. Such theoretical example of a potential maladaptive plasticity is
represented in Figure 3b: an individual presents a phenotypic plasticity (e.g. change in its breeding

phenology) under climate change pressures (1), which increases its fitness and is therefore
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selected over time and observed at the population level (adaptive phenotypic plasticity). Given
that adaptive phenotypic plasticity has a genetic basis, and that individual’s behavioral,
physiological, morphological and ecological are intrinsically related (Réale et al., 2007; Ricklefs and
Wikelski, 2002; Sih et al., 2004), it is very likely that this plasticity in breeding phenology will be
genetically related to other traits (e.g. sensitivity to fragmentation, stress response, body size,
cognition, personality...) that will vary accordingly. In the Figure 3b, a theoretical correlation
between plasticity in breeding phenology and boldness is represented (i.e. assuming that only bold
individuals displayed this plasticity in breeding phenology, because of a theoretical common
genetic basis between these two traits). Bold individuals are generally more exploratory (Fraser et
al., 2001; Smith and Blumstein, 2008), and they are advantaged in (i) environment with low
predation pressure (Réale et al., 2007) and (i2) in their capacity to colonize anthropogenic habitats
(Sih et al., 2004; Sol et al., 2013). However, they are disadvantaged in (ii) habitats with high
predation pressures and (ii2) have more chances to be trapped in rapidly-changing or low-quality
habitats (Demeyrier, 2016; Robertson et al., 2013). Global change drivers such as biological
invasions and habitat degradation (Figure 3b, (2) and (3)) can influence the colonization capacities
of these bold individuals or the predation pressure in the colonized habitat, therefore negatively
impacting plastic-bold individuals’ fitness. This theoretical example is an illustration of a
maladaptive phenotypic plasticity resulting from (a) an initial adaptive plasticity towards a given
global change driver, (b) an intrinsic correlation between and individual’s traits and (c) the synergic

effects of varying global change drivers on the capacity of an animal to adapt.
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Figure 3: Theoretical framework highlighting the potential effects of global change onto populations’
responses. In (a) the framework is adapted to a fictive population A only exposed to climate change
in comparison to population B, exposed to several global change drivers. In (b), a theoretical

example leading to maladaptive plasticity is shown for population B.

Given that human activities are currently modifying the ‘phenotype/fitness relationship’
(Hendry et al., 2017), and that we still don’t know precisely to which extent this will affect
population dynamics (population size, age, growth, age structure), communities structure (number
and diversity of species, food web structure), ecosystem processes (primary productivity,
decomposition, nutrient cycling...) (Diaz et al., 2006; Hendry et al., 2017) or human health and
safety (Bayles et al., 2016), the ecological and evolutionary costs of human activities on biodiversity
loss still requires intensive investigations. This claim has triggered scientific — and more recently
public and politic (McEuen, 2014; Trowborst et al., 2016) —awareness in regards of the tremendous
effects of biodiversity loss on global economy and on human health and safety (Bayles et al., 2016;

CBD and WHO, 2005; Diaz et al., 2006; Myers et al., 2013; Palumbi, 2001; Rogalski et al., 2017).
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This ultimately leads to the massive approbation that biodiversity as a whole needs to be protected
from global change, even though some people still remain skeptical (see (Budiansky, 1993;

Lomborg, 2003)).

4. The value of nature and biodiversity.

Two main approaches can be used in conservation biology: conserving ecosystems
(habitats) or species. Although both approaches have been intensively used, the most used has
been the conservation of species, easier to implement than the conservation of ecosystems, but
not always efficient and highly expensive (Barua, 2011; Simberloff, 1998; Vitousek et al., 1997).
This approach has sparked many debate (Barua, 2011; Kontoleon and Swanson, 2003; Maslo et al.,
2016; Simberloff, 1998) on the different strategies to be used. That concerns the choice of the
species to protect (keystone species, umbrella, rare, charismatic or most vulnerable species)
(Barua, 2011), on the way to protect it (re-introduction, reinforcement, translocation,
establishment of natural reserves, supplemental feeding...), or on the lack of knowledge on the
biology of some species to implement effective conservation measures. Another last and central
point is the fact that if habitat is not suitable/adapted, every effort to protect the species will result
in a failure (e.g. protected area too small, habitat not protected...). Therefore, the protection and
restoration of whole ecosystems represent in most cases a better approach to protect biodiversity
and natural resources as a whole (Blaustein and Kiesecker, 2002; Vitousek et al., 1997). Finally,
one major difficulty was the absence of biodiversity or nature integration in decision making before
the 80s, leading to many decisions ignoring its existence and many decision-maker assuming its
unimportance (Edwards and Abivardi, 1998). Therefore, some conservationists have started to
argue about the necessity to give a price/value to biodiversity so it would be integrated in political
and economical decisions and better protected. Different values can be given to biodiversity and
nature (see Figure 4): the total value can be divided into the instrumental (useful or use value) and
the moral/existence (virtual or non-use value) values (the latter being harder to economically

evaluate (Edwards and Abivardi, 1998)).
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Figure 4: Economic value of nature and biodiversity (adapted from (Edwards and Abivardi, 1998)).

One of the most common current approach is to estimate the replacement costs of

ecosystem services (Bullock et al., 2011), organized into four general categories by the Millennium

Ecosystem Assessment (CBD and WHO, 2005). They are: (1) Provisioning services, such as food

production for nutrition; (2) regulating services, through which ecosystems affect natural processes

like vector-borne disease transmission or exposure to natural hazards; (3) cultural services,

including recreational or psychosocial benefits derived from the environment; and (4) supporting

services, which are not directly used by people but are instrumental in the delivery of other services

(e.g. soil fertility, which underpins the provisioning service of food production, is an example). It

appears easier to evaluate the replacement costs of the services rendered by an ecosystem than

the exact value of this ecosystem. For example, it is easier to evaluate the cost of hand-made
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pollination following the disappearance of bees in Maoxian (China’s border) than to evaluate the
total value of the ecosystem. In the same way, it is easier to economically evaluate the costs of
Mangrove degradation (on human health or on human safety because of increased risks to tsunami
without Mangrove protection (Bayles et al., 2016)) than to evaluate the total value of Mangrove
ecosystems. Obviously, these approaches are only producing partial estimations of the value of
nature and biodiversity, which is a great limit. Indeed, many decision-making regarding human
safety and future or regarding the future of the planet are based on these approximations. In 1988,
Norton (Norton, 1988) stated ‘It is one thing to treat valuation of biodiversity as a guessing game
or as a set of very interesting theoretical problems in welfare economics. It is quite another thing
to suggest that the guesses we make are to be the basis of decision making that will affect the
functioning of ecosystems on which we and our children will depend for life’. Moreover, there is a
clear ethical limit associated to the fact that valuing biodiversity or the services it provides is highly
anthropogenic. Therefore, the focus is often given to ecosystem services or species of value (of use
and non-use) for humans and other species/resources are neglected. This is true for species or
ecosystems of direct use (e.g. wildfowl, fish), for those producing ecosystem services (e.g. taxa
such as bees or earthworms (Beynon et al., 2012; de Vries et al., 2013; Vanbergen, 2013; Wratten
et al.,, 2012), and ecosystems such as wetlands or forests (CBD and WHO, 2005)), but also for
species or ecosystems of non-use value (from which humans enjoy the existence) such as
charismatic species (e.g. giant pandas (Ailuropoda melanoleuca) (Kontoleon and Swanson, 2003))
or biodiversity ‘hotspots’ (i.e. areas with high concentrations of endemic species that are
undergoing major loss of habitats and species) (Myers et al., 2000; Pimm and Raven, 2000). This
anthropogenic approach of biodiversity conservation (i.e. this concern for species/resource
valuable to humans, the massive interest for charismatic or rare species...) has led to an important
bias illustrated by the carelessness towards not-charismatic species, species in conflict with human
activities (that can even be intensively exterminated), or ecosystem with common and endemic
species, leading to the emergence of ‘cold-spots’ (Gomulkiewicz et al., 2000). Nonetheless, even
though they might be imperfect, three major benefits have resulted from these approaches:

(1) valuing biodiversity has allowed to include it in decision-making;
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(2) the implementation of natural reserves — qualified as ‘living laboratories’ (Edwards and
Abivardi, 1998) — has allowed to keep tracks of the roles of biodiversity in functioning ecosystems
and of what landscapes previously were;

(3) species protection (when implemented on keystone or umbrella species) has allowed
to maintain parts of biodiversity for future conservation plans (as an emergency measure) and in
some cases to restore major ecosystems (e.g. of keystone species such as grey wolves (Canis lupus)
in Yellowstone (Ripple and Beschta, 2012, 2003) or the European otter (Lutra lutra) (Bifolchi and
Lodé, 2005)).

However, another limit (much more complicated to overcome) has emerged regarding
species or ecosystems for which the intensive exploitation is highly lucrative: even if they are given
an economic value, the need of their exploitation or the price extracted from it is, in most cases
perceived as higher than their value of use or non-use. This is for example the case of species
exploited for subsistence (e.g. bushmeat consumption in Madagascar (Bayles et al., 2016) or in
Nunavut (Johnson-Down and Egeland, 2010)) or for commerce (poaching) and recreation
(trophies) (Graham et al., 2010; Lindsey et al., 2006). This can also be the case of natural
ecosystems such as grasslands, wetlands or forests that are continuously converted to farmlands
or urban areas (Foley et al., 2005; Stoate et al., 2001) despite the efforts to preserve these

ecosystems.
Il. Conflict of use between agriculture, urbanization and biodiversity.

1. Urbanization and agriculture intensification: history and consequences with the

emergence of a major conflict of land use

Agriculture, by creating a food surplus and allowing new labor, allows for the expansion of
new activities and industries, resulting into permanent human settlements and population growth
(Antrop, 2004). Therefore, both agriculture expansion and urbanization are intrinsically linked, and
are, with protected/recreational lands, the main characteristics of land use intensification, which
have changed ‘the world’s landscapes in pervasive ways’ (Foley et al., 2005). This is specifically true
since the second half of the 20%" century, during which both agriculture and urbanization greatly

intensified (Antrop, 2004; Cohen, 2003; Evans, 1997; Matson et al., 1997; Naylor, 1996).
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Human population, urbanization and road infrastructures fragmenting the landscape

Urbanization can be broadly defined as a complex process transforming rural or natural
landscapes into urban, sub-urban or industrial areas, made accessible by the development of road
infrastructures (Antrop, 2004). Its worldwide intensification began at the beginning of the 19t
century with roughly 2% of people living in cities in 1800 (Cohen, 2003). At this period,
agglomerations started to spread out towards the countryside (Antrop, 2004). Urbanization then
largely intensified from 1900 to 2000 (with 12% and 47% of people living in cities, respectively)
(Cohen, 2003) and its almost exponential growth was intrinsically linked to the development of
new modes of transportation, especially after World War Il (Antrop, 2004). The increasing use of
automobiles then led to the expansion of motorways, which replaced railroads and railways, and
the emergence of new era of transports. By the end of the 20" century, high speed railways were
also developed in Europe. These new railroads, associated to the already developed motorways,
progressively created strong barriers fragmenting the landscape (Antrop, 2004). Moreover, the
generalized use of cars associated with the development of technology have naturally augmented
people’s ability to commute between geographically distant areas. This phenomenon led to the
formation of sub-urban areas, metropolitan villages and edge cities (Antrop, 2004; Berry and Plaut,
1978). With an increasing number of people living in cities (Cohen, 2003) and using automobiles
as a mean of transportation, congestion problems have led to the construction of yet more road
infrastructures (Antrop, 2004), further increasing landscape urbanization and fragmentation.
Between patches of urban development (Antrop, 2004; Berry and Plaut, 1978) remnants of
countryside have been in most cases converted to farmland or places of high recreational value,
ironically because of the absence of urban environments nearby (Antrop, 2004). This created
massive areas of human dominated landscapes. This phenomenon of urban sprawl appears to be
more problematic for the landscape than the cumulative urban areas per se (Berry and Plaut, 1978)
causing major problems of landscape fragmentation (Jaeger and Fahrig, 2004; Seiler and Folkeson,
2006). Thus, the effects of urbanization on the environments are quite factual: reduced vegetation
cover with climatic outcomes, increased air, soil and water pollutions from light, sound, gas
emissions and other chemical sources, modifications of the microclimate (Dominoni et al., 2013;

Foley et al., 2005; Grimm et al., 2008; Holker et al., 2010; Mage et al., 1992). On the other hand,
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the effects of urbanization on landscapes appears to be strongly dependent on geographical
region, features and time (Antrop, 2004; Verburg et al., 2010). However, it remains uncertain which
of urbanization or agriculture will continue to expand the most in the future (Verburg et al., 2010).
Curent trends (Verburg et al., 2010) suggest that urbanization and agricultural intensifications are
diametrically opposed and that their becoming will be region-dependent. Several scenarios predict
that agricultural abandonment will be the dominant land use change in Southern Europe at the
profit of urbanization and all the scenarios show that, in parallel, large areas will display major
expansion of agriculture in order to meet the food, livestock feed and fuel demands of human
populations (Verburg et al., 2010). Indeed, as indicated by (Foley et al., 2005), ‘the annual addition
of 77 million people poses formidable challenges of food, housing, education, health, employment,

political organization and public order.’

Agriculture intensification: the Green Revolution.

At the beginning of the 19" century, as human population grew and expanded, so did the
need for food, leading to major and fast agriculture intensification over the world, entitled the
‘Green Revolution’ (Evans, 1997; Matson et al., 1997; Naylor, 1996). This agriculture intensification
started in the US during the 30s, and by the 50s already had a major impact on American farms,
notably with the introduction of seed hybrids for maize and the disappearance of both crop
rotation and horses to the benefit of machinery (Naylor, 1996). Agriculture intensification started
slightly later in Europe: during the 40s or the 50s depending on the countries considered (Bjorklund
et al,, 1999; Evans, 1997), and from mid- to late 60s in other parts of the world (i.e. in developed
and developing countries) (Naylor, 1996). This ‘Green Revolution’ is declinable through four inter-
related dimensions:

1) the remarkable rise in yields, e.g. the global production of cereal crops tripled from 40s

to 50s (Naylor, 1996);

2) the intensive development of technologies, e.g. seed hybrids, seeds resistant to pests

and disease, mechanization, chemical fertilization, irrigation... (Evans, 1997; Matson et al.,

1997; Naylor, 1996);
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3) the generalization of crop monoculture associated to a major increase in plot size and

reduction in crop diversity (Bjorklund et al.,, 1999; Evans, 1997, Matson et al., 1997,

Sotherton, 1998);

4) the displacement of several crops beyond their previous range (Naylor, 1996). This is

notably the case for rice, maize and wheat, the three crops that gathered almost all efforts

in agricultural intensification (Naylor, 1996).
Indeed, intensive work has focused on improving the performance, the nutritional qualities and
the resistance to pathogens of maize, wheat and rice (Naylor, 1996; Ortiz-Monasterio et al., 2007).
These crops have started to be grown in non-adapted ecosystems (Naylor, 1996), increasing the
need to extensively control water, temperature and nutrient requirements. For example, crop
irrigation and external nitrogen inputs have increased dramatically from the 60s to the 90s (Matson
et al., 1997) resulting in a major rise in crop yields (Matson et al., 1997; Naylor, 1996). Irrigated
corn has benefited the most (Matson et al., 1997) with yields that have risen from ~2500 kg/ha in
the 40s to 4000 kg/ha in the 60s and 10 000 kg/ha in the 90s. More broadly, by the 90s, the Green
Revolution had allowed to double the annual grain production in the developing world (Naylor,
1996). This rise in yields allowed encompassing for the loss of land towards urbanization. In Sweden
for instance, 20% of the agricultural land was reallocated from 1951 to 1992: 10% towards
reforestation and the restoration of bushes, and the other 10% were lost at the profit of
urbanization. Despite this 20% removal of land from production, total harvest of cereals has
increased by about 85% in this country (Bjorklund et al., 1999), highlighting how strongly the Green

Revolution, namely through technologies development, has favored yields.

The limits of the Green Revolution and the costs of maize monoculture

The Green Revolution has begun to face many limits from the 80s onward (Naylor, 1996),
namely regarding the depletion of both non-renewable and potentially renewable natural
resources. Such examples are soil fertility (potentially renewable), energy (e.g. fossil fuel used for
machinery; nonrenewable) and fossil water (over-pumped in an effort to maintain irrigated crop
yields; potentially renewable) (Bjorklund et al., 1999; Naylor, 1996; Vitousek et al., 1997). Indeed,
three times more energy is needed for 1 ha of irrigated maize than for the same area of rain-fed

maize in the US (Naylor, 1996). Moreover, across the world, agriculture alone is estimated to use
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70% of the freshwater (Vitousek et al., 1997). The rate at which freshwater and soil have been
exploited surpasses the natural rate of their regeneration (Naylor, 1996), and, associated with the
depression in fossil fuel, are highly threatening agricultural productivity on a long-term basis.
Indeed, the consequences of agriculture intensification at a local scale mainly concern the major
decline in crop yields observed over the past 40 years. In the 90s, already 2 billion ha of cropland
and pastures were degraded because of soil erosion throughout the world. This led to a loss in
agricultural productivity of 10-50% depending on the severity of the degradation. Moreover, 0.5%
of these degraded land were estimated as definitely unreclaimable. The cause of these declines in
yields are numerous, and include problems of waterlogging, nitrate leaching, soils destructuration,
alkalinization or salinization and loss of fertility, pesticide resistance, reduced genetic diversity of
crops, modified host-parasites relationships and climate change (Foley et al., 2005; Hawkins et al.,
2013; Matson et al., 1997; Naylor, 1996; Turcotte et al., 2016; van der Velde et al., 2012; Vitousek
et al., 1997). Regarding maize, yields decline have started at the end of the 20t century, and even
reached 80% from the 80s to 90s in some areas of the Philippines (Naylor, 1996). The decline in
maize yields is now estimated at 14% worldwide (Fargione et al., 2009) and is expected to further
increase because of climate change (Hawkins et al., 2013; van der Velde et al., 2012). Maize is
currently the most produced crop worldwide (slightly beating wheat and rice; 32%, 31% and 22%
of the world’s cereal crop production (Nuss and Tanumihardjo, 2010)) but largely less consumed
than these two other crops (human consumption: maize = 12%, wheat = 44% and rice = 37% (Nuss
and Tanumihardjo, 2010)). This difference between production and consumption is explained by
the diversified use of maize (or corn) (Fargione et al., 2009; Nuss and Tanumihardjo, 2010). Indeed,
maize is particularly interesting from its fatty acid composition (especially adapted for livestock
diets) and its high starch content (for ethanol production and the development of industrial and
pharmaceutical industries). Therefore, it has been intensively used during the expansion of first
generation biofuels, especially in the US (Fargione et al., 2009; Martin et al., 2008). The
consequences of agriculture intensification transcend the decrease in yields and can also be
measured at the regional and global scales through the pollution of groundwater, the
eutrophication of lakes and rivers and the impact on atmospheric constituents and climate

(Matson et al., 1997; Naylor, 1996). Growth in agricultural production has continued to outpace
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population growth on a global basis (Naylor, 1996) and with the recent boom in biofuel production
(Fargione et al., 2009; Martin et al., 2008), crop monoculture — especially maize — is increasingly
threatening natural resources (except fossil fuel) leading to great economic losses, human health
problems (toxicity of synthetic organic chemicals, acid rain and photochemical smog...) and to a
major decrease in biodiversity and ecosystem (Bjorklund et al., 1999; Turcotte et al., 2016; Vitousek

et al., 1997).

Urban areas and farmland: conflict of land use

Given that urban areas and cropland are usually developed in the same geographical areas (in
lowlands, such as alluvial valleys), this has led to the emergence of a major conflict of land use
between intensive agriculture and soaring urbanization (Antrop, 2004; Berry and Plaut, 1978).
Therefore, not much place is left for nature and biodiversity in these highly cultivated and
urbanized areas, which often leads to human-wildlife conflicts (Barua, 2011; Baruch-Mordo et al.,
2014; Henle et al., 2008). Finally, given the observed and expected decline in crop yields, we can
easily predict that in the future, and if nothing is effectively done to reverse these trends, more
land will be required to maintain the annual global productions of major crops such as maize,
wheat, soybean and rice, thereby increasing the competition with urbanization, nature and wildlife
for available land. Interestingly, the perception of a conflict between intensive agriculture and
urbanization has largely evolved. In the 70s, urbanization was perceived as a direct threat to
agriculture and therefore human population food sustainability (Berry and Plaut, 1978). For
instance, Berry and Plaut stated that ‘land use controls [were constantly implemented] to redirect
urban intrusions away from agricultural land’. However, it appeared that twice more cropland has
been lost because of decreased productivity (Berry and Plaut, 1978) (i.e. a direct consequence of
intensive agriculture) than because of urbanization in the US (Berry and Plaut, 1978). Much more
recently, Verburg et al. (Verburg et al., 2010) highlighted that in Europe, more and more attention
‘is given to policy interventions that are designed to counteract some of the negative
consequences of land use change, such as the protection of designated areas to avoid conversion
to (intensive) agriculture’. In parallel, several cities with important proportions of urban green
spaces have been shown to be ‘refuges of biodiversity’(Goddard et al., 2010), especially for species

threatened by intensive agriculture, such as bees (Goulson et al., 2002; Hall et al., 2016). This
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phenomenon is a direct consequence of increased conservation friendly management in urban
areas with in parallel the reduced quality of rural places owing to intensive agriculture (Goddard et
al., 2010; Hall et al., 2016). In Europe, farmland is now encompassing for 40-70% of land cover
(Antrop, 2004, Foley et al., 2005), the highest percentages being encountered in Western Europe.
Roughly 14-17% of these land are devoted to crop monoculture (Sotherton, 1998) and France is
largely on top of the list regarding the surface area covered by cereals (Stoate et al., 2001).
Therefore, intensive agriculture appears as the biggest threat to natural landscapes and natural
resources, including biodiversity, of the Old-Continent (Benton et al., 2003). ‘The drive to squeeze
ever more food from the land has sent Europe’s farmland wildlife into a precipitous decline’. This
alarming statement from Krebs et al. in The Second Silent Spring? (Krebs et al., 1999) summarizes

the seriousness of the situation regarding farmland biodiversity in Europe.

2. Farmland wildlife in Europe
Wildlife decline in European farmland illustrated by the collapse of farmland bird populations
The decline of wildlife in European farmland has been more sever and faster than in any other
habitat (Stoate et al., 2001; Wilson et al., 2005), and has largely been illustrated by the collapse of
farmland bird populations, that already largely took place by the end of the 90s (Benton et al.,
2003; Evans, 1997; Stoate et al., 2001). In the UK, the decline of farmland bird populations between
1969 and 1994 ranged from 17 to 89% depending on the species (Evans, 1997), with species such
as the grey partridge (Perdix perdix), the tree sparrow (Passer montanus), the corn bunting (Milaria
calandra) and the turtle dove (Streptopelia turtur) showing the most alarming declines (of up to
82%, 89%, 85% and 77%, respectively (Evans, 1997; Stoate et al., 2001)). It appeared that farmland
bird specialist species declined at the profit of generalist species (Siriwardena et al., 1998). In 1999,
Bjorklund et al. (Bjorklund et al., 1999) revealed that 42-45% of farmland species were endangered
in Sweden and that invertebrates had dramatically declined in regions with intensive agriculture
between the 50s and the 90s (by 60% for wild pollinators and by 75% for cereal invertebrates). The
same trend was observed much more recently for invertebrates in the UK (Thomas, 2009), even
highlighting that butterfly species have been far more affected than plants or birds.

For decades, research on the effects of agriculture intensification on the decline of

farmland wildlife has strongly been biased towards birds and invertebrates (especially regarding
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species of interest to agriculture, e.g. pollinators and earthworms) (Benton et al., 2003;
Buckingham et al., 1999; Evans, 1997; Fuller et al., 1995; Sotherton, 1998; Stoate et al., 2001;
Thomas, 2009; Wilson et al., 2005, 1999), whilst considerably less studies have investigated how it
has affected farmland amphibians, reptiles and small mammals (Boothby, 1995; Tapper and
Barnes, 1986); see (Hole et al., 2005; MacDonald et al., 2007; Stoate et al., 2001) for reviews of the
literature underlining the bias). This bias can be explained by the fact that birds are well-described
and easy to monitor, providing excellent indicators of environmental change (Stoate et al., 2001).
Moreover, many small mammals (especially rodents) are still considered, in the 21" century, as
pest species and therefore present few interests and even a threat to agricultural sustainability
(Capizzi et al., 2014; Jacob, 2003; Zhang, 2011). However, rodents - since they greatly contribute
to the complexity of food webs in croplands and are crucial for nutrient cycling and soil structure -
are starting to be recognized as major actors in agricultural ecosystems and as ideal models to
study how agricultural changes might impact biodiversity (Medan et al., 2011). Therefore, in the
last decade, the number of studies on these taxa and their decline in farmlands has risen (Baldi and
Farago, 2007; Curado et al., 2011; Reid et al., 2014). Recent studies reveal similar trends as those
observed in invertebrates and birds: populations of the European or brown hare (Lepus
europaeus), the European hamster (Cricetus cricetus), the water vole (Arvicola terrestris), the
harvest mouse (Micromys minutus) and many farmland bat species (Chiroptera spp.) have
experienced drastic declines because of agriculture intensification (MacDonald et al., 2007,
O’Brien, 2015; Weinhold, 2008). Such example is the collapse of the European hamster that shows

a decline of roughly 75% in all its European range (Figure 5).
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Figure 5: Overview of the European area of distribution of Cricetus cricetus in 1970 (top), 2000
(middle) and 2010 (bottom). Light orange represents updated data and highlights a fragmentation
of the European area of distribution of the species. Dark blue represents the ‘initial’ area of

distribution (in 1970) or a lack of updated data (2000 and 2010). (adapted from (Banaszek, 2015)).
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It is important to highlight that the Figure 5 only gives an approximation of the fragmentation of
the European hamster’s distribution area. Indeed, precise data on the dates of decline in each
European regions are not known, and not represented for the ‘initial’ map in 1970. Therefore, we
cannot draw any conclusions regarding the dates at which the decline has started. However, these
maps can be used to illustrate that the decline has not only occurred on the Western-Part, but on
the totality of the distribution range of the species in Europe.

A recent review of the literature on this species (Surov et al., 2016) argues that hamsters
decline throughout Europe has been caused by an apparent reduction in reproduction, ant not a
reduction of survival. Authors state that this reduction in reproduction seems to have started in
the 50s (Surov et al., 2016), but the Figure 7b of this study highlights an important gap in the data
at this period. Therefore, their conclusions on the dates of the decline in reproduction seem
overstated. They also argue that hamsters’ populations collapsed between 1975 and the 1990 in
Europe and therefore that ‘modern agriculture’ is unlikely to be responsible of the species decline,
since it occurred later on. However, they give no dates or definition of ‘modern agriculture’ (Surov
et al., 2016). Given the data on other farmland taxa showing similar trends (i.e. with a decline
starting from the 50s or the 60s and being major in the 70s (Benton et al., 2002; Evans, 1997; Fuller
et al., 1995), and given that agriculture intensification started between the 40s and the 50s in
Europe (see section 11.1.)), the conclusion of Surov et al. (Surov et al., 2016) on the implication of
agriculture in the decline of the European hamster appears largely unfounded. Nevertheless, the
other suggested causes of decline in this review (e.g. global warming, light pollution associated to
urbanization) (Surov et al., 2016) remain to be investigated. Indeed, it is highly probable that the
species suffered from several environmental pressures, which strength and diversity likely varied
according to geographical localization (i.e. Western and Eastern Europe, urban areas or farmland...)
and likely changed differently over time. These rapid population declines (either caused by human
trapping and poisoning, intensive agriculture, urbanization or climate change (Kayser et al., 2003;
Korbut and Agata, 2016; Monecke, 2013; Surov et al., 2016; Ulbrich and Kayser, 2004; Weinhold,
2008) have led to a partial or complete loss of genetic diversity in some of the Western populations
(La Haye et al.,, 2011; Melosik et al., 2017; Neumann et al., 2004; Smulders et al., 2003). For

instance, a study has revealed that the totality of the MHC (i.e. major histocompatibility complex,
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essential for the acquired immune system functioning) diversity has been lost in the Netherland
population (Smulders et al., 2003). These loss of genetic diversity could greatly impair the dynamics

of the concerned populations and any conservation efforts.

The main causes of farmland wildlife decline

As indicated above, the ultimate causes of agriculture intensification on wildlife decline are
numerous, and can be direct (e.g. increased tillage, land use change, major use of pesticides,
reduced food diversity...) or indirect (e.g. modification/selection of the phenotype of domesticated
species resulting into increased selection pressures on wildlife) (Turcotte et al., 2016). Agriculture
intensification has in particular resulted into extreme changes in the structure and composition of
landscapes, two major changes that have the most affected wildlife (Benton et al., 2003; Wilson et
al., 2005) since they greatly impair species ecology (at all life-history stages) and allow few chances
for adaptations. Indeed, intensive agriculture creates homogenized and simplified landscapes with
greatly modified vegetation (e.g. crop density, vegetation architecture and diversity, total mass of
vegetation per unit of time...) and associated to the loss of non-cropped habitats such as grassland,
field margins, hedges, water-courses and trees (Benton et al., 2003; Stoate et al., 2001; Wilson et
al., 2005). This modification of the vegetation has different consequences: reduction of the
protective cover against predators, exposition to extremes of weather, reduction of foraging
efficiency (by reducing the diversity, abundance and accessibility of food items) which will all result
in a fitness reduction. This reduction could happen directly (through an increased predation rate,
or a reduced reproductive success because of insufficient food availability) or indirectly (e.g.
through the modification of the trade-off between time allocated to foraging, to vigilance against
predators and to reproduction). Diversity of food, cover and more broadly of habitats is essential
to the ecology and seasonality of many farmland vertebrates (Stoate et al., 2001). For instance, the
brown hare is feeding on different crops according to the period of the year (Tapper and Barnes,
1986). Seed-eating birds highly depend upon remaining stubble and seed access during fall and
winter (Evans, 1997). Moreover, males and females habitat requirements might differ (Stoate et
al., 2001). Indeed, many bird species switch from one crop or one habitat to another during the
breeding season, as part of their reproductive strategy and their changing food requirements

throughout the year (Stoate et al., 2001)). If their food or habitat requirements are not met,
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individuals will disperse, then facing increased risks of predation or the risk of dispersing into poor-
quality habitat in these intensively-cultivated landscapes (Benton et al., 2003). Furthermore, given
that intensive farmland are also highly fragmented due to soaring road infrastructures
development (Antrop, 2004; Foley et al., 2005; Forman and Alexander, 1998; Lesbarreres and
Fahrig, 2012), wildlife can be affected in several ways. First, traffic noise has been shown to affect
a variety of traits and the fitness of several vertebrate species (Reijnen et al., 2008; Troianowski et
al., 2017, 2015). Second, dispersion might be obstructed by road infrastructures. Given that wildlife
underpasses (initially created to restore ecological corridors and reconnect isolated populations
(Mata et al., 2008)) are used both by prey-species and their predators (Carsignol, 2006; Jumeau
and Handrich, 2016; Little, 2003; Little et al., 2002; Mata et al.,, 2008), they might become
‘ecological traps’ (Little et al., 2002). Indeed, an increased risk of predation in the underpasses
could lead to its avoidance by prey-species or an increased mortality-by-predation at proximity or
inside the facilities. This phenomenon has been recorded for rodents, being predated by cats or
foxes in French wildlife underpasses (Jumeau and Handrich, 2016). Even though these cases of
predation appear to be context- and species dependent (Little et al., 2002), they could be

particularly damaging to small or endangered populations.

Farmland wildlife: after three decades, the trend has not been reversed

Management of agriculture should therefore focus onto increasing heterogeneity in the
agricultural landscape and to reverse the trend towards dense, simplified and homogeneous
structures that have characterized recent agricultural intensification (Wilson et al., 2005). This
would allow to restore wildlife food resources, habitat diversity essential for nesting, foraging and
protection from predators and would ultimately limit unnecessary dispersion. In parallel, there is
a strong need to restore proper habitat connectivity through ecological corridors, namely to
improve the efficiency and safety of wildlife underpasses for a broad diversity of animals.
However, it is now well known (i.e. for more than 30 years) that intensive agriculture and habitat
fragmentation are a major cause of biodiversity and ecosystem service decline. Yet and
approaching 2020, the trend in European farmland decline still has not been reversed (Inger et al.,
2015; Newbold et al., 2015; van Strien et al., 2016). First, conservation efforts have often targeted

some species at the expense of others (see above). Second, the time needed to recover biodiversity
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and functionality of intensive agro-ecosystems is long. Indeed, the pervasive effects of agriculture
on biodiversity are known to last between 25-30 years (Baeten et al., 2010; Naylor, 1996). A recent
study highlights that rarer bird species at the core of many conservation efforts (Sotherton, 1998)
have been recently increasing in Europe whilst common farmland bird species are now showing
alarming declines (Inger et al., 2015). These results suggest that conservation efforts have been
effective for some targeted species, but that non-targeted species have suffered from the effects
of intensive agriculture. Another explanation of this absence of reversed trend despite intensive
efforts for wildlife conservation in Europe could be that for several decades, conservation
approaches have been opposed to economic and industrial development (Edwards and Abivardi,

1998).
3. Conciliating economy, human development and farmland biodiversity

The agri-environmental schemes and the European directives for wildlife protection

In 1992, the European Common Agricultural Policy (CAP) was reformed to stimulate the
development of agri-environmental schemes in Europe, with 50-75% funding from the European
Community (Stoate et al.,, 2001; Woldehanna et al., 2000). These agri-environmental schemes
were mainly destined to reduce the pervasive effects of intensive agriculture on farmland wildlife
and include ‘more friendly’ management such as the restoration of margins, hedges, crop rotations
or delayed harvest (La Haye et al., 2010; Marshall and Moonen, 2002; Petrovan et al., 2013). The
adoptions of such measures by farmers were supported by financial compensations. However,
given the inadequacy of some of these compensations, the general reluctance of farmers to
abandon traditional practices, this approach has rarely been a success (Stoate et al., 2001). Another
reform of this CAP occurred in 2000, known as the ‘Agenda 2000’ reform, and includes conditions
to the payments of financial compensations. Under this reform, payments are ‘conditional on
compliance with certain environmental restrictions on arable management’ (Stoate et al., 2001).
For instance, in the Netherlands, the introduction of mechanical weed control as an alternative to
herbicides is a condition for payment on the two most intensively cultivated crops: maize and
potatoes. The more recent Rural Development Regulation (1257/99) now provides farmers with
the opportunity (on a voluntary basis) to adopt ‘further ecologically, economically and socially

sustainable management practices and systems within European arable systems’.
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In parallel of these CAP reforms, a number of European Commission Directives were
developed with the main aim of conserving European nature as a whole (Stoate et al., 2001,
Trowborst et al., 2016) but these directives also have implications for farmland: this is the case of
both the Birds Directive (79/409/CEE, the 2" of April 1979) and the Habitats Directive (92/43/EEC,
the 215t of May 1992) (Muséum national D’Histoire naturelle, 2007). These directives commit each
member state to the maintenance and/or the restoration of species qualified as of ‘community
interest’” in a proper conservation state. They have led to the development of different tools
destined at the conservation of biodiversity, such as the ‘Natura 2000” Network and the National

Plans of Actions (PNAs) (Muséum national D’Histoire naturelle, 2007).

The Natura 2000 Network and the National Plan of Actions

The ‘Natura 2000° mainly aims at ensuring the long-term survival of highly threatened
species and habitats of strong conservation priorities in Europe (Muséum national D’Histoire
naturelle, 2007) and has mainly been implemented through the development of both special
protection areas (ZPS) and special conservation area (ZSC). The French ‘Natura 2000’ Network
currently protects 57% of the habitats of ‘community interest’ listed in the habitat directive, 17%
of the species listed in the habitat directive and 63% of the bird species listed in the bird directive.
Regarding the PNAs, they aim at defining the necessary actions for the conservation and the
restoration of the most vulnerable species at the National Scale and are usually implemented on a
five-year period (Muséum national D’Histoire naturelle, 2007). Regarding the number of PNAs in
France, it appears that bird and plant species are the most represented, reptiles and amphibians
following and then mammals, fish and mollusks being the least represented (Ministere Ecologie,
2012). Recently, multi-species PNAs have been implemented, namely for bats, reptiles and
amphibians, allowing to increase the number of represented species (Ministére Ecologie, 2012).
However, PNAs are therefore species-centered, and rarely integrate the conservation or the
restoration of an entire habitat, or rarely conciliate conservation with economy (Ministere
Ecologie, 2012; Muséum national D’Histoire naturelle, 2007). Nonetheless, they have allowed the
implementation of ‘emergency conservation measures’ for species critically endangered and might
therefore have prevented the extinction of these targeted species in the country. This is for

example the case for the European hamster:, which has indeed beneficiated from 3 successive
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PNAs (2002-2017) (Chaigne et al., 2015). These PNAs contained measures such as restocking
programs (i.e. reinforcement of natural populations by releasing captive-bred animals in areas
close to the remaining populations), implemented in ‘unharvested wheat’ to provide released
hamsters with a protective cover against predators (Villemey et al., 2013). The 4" PNA (for the
2018-2023 period) is currently being written. These measures have prevented the extinction of the
species in France, but can only be implemented on a short-term basis, and the French European

hamster population has still not recovered (Chaigne et al., 2015; O’Brien, 2015).

Assessment of these measures: a lack of conciliation between society, economy and biodiversity
Whilst the implementation of agri-environmental schemes has rarely been efficient (see
(Stoate et al., 2001)), it appears that the Habitats and Birds directives have not properly been
implemented by the member states (Trowborst et al., 2016). Therefore, after a re-evaluation of
these directives (with a massive participation of citizens), the European Commission recently
announced a decision to renew the evaluation of an effective implementation of these directives
in all the European member states (Trowborst et al., 2016). A perfect example of this defective
implementation is the case of the European hamster in France: in 2013, the European Commission
threatened France of a 17 million fine if rapid efforts were not allocated to the protection of the
species and its habitat. Indeed, despite 3 PNAs for the species in France and the implementation
of protected areas under the ‘Natura 2000, the species (listed at the annex IV of the Habitats
Directive) is still alarmingly declining and its habitat degraded by intensive agriculture and
urbanization. This is a clear example of a conservation failure. However, as indicated above, this
failure probably occurred because of the clearly opposed targets of conservation policies and
economic and industrial development in the region (O’Brien, 2015). Indeed, biodiversity
conservation (as agriculture sustainability, see (Naylor, 1996)), has three dimensions: biological,
economic and social, and there is a strong need to reconcile the three (Edwards and Abivardi, 1998;
McEuen, 2014).
In 1992, a powerful tool for biodiversity conservation has been developed at the European scale:
the LIFE program, supported by the European commission. LIFE is described as ‘the EU’s financial
instrument supporting environmental, nature conservation and climate action projects throughout

the EU’ (“LIFE,” 2017): it promotes multi-partnership approaches that develop actions on climate
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and energy, food waste management, conservation biology, environmental restoration... (“LIFE,”
2017). Since 1992, four phases have been completed (corresponding to the LIFE I: 1992-1995, LIFE
Il: 1996-1999, LIFE Ill: 2000-2006 and LIFE+: 2007-2013 which continues from 2014-2020) and
already 4306 projects have been launched throughout the EU (“LIFE,” 2017). During the same
period, in France, 343 projects have been co-funded by LIFE, 219 of which focused on
environmental innovation, 117 on nature/biodiversity conservation and 7 on information and
communication. These projects represented a €772 million total investment, of which €270 million
were funded by the European Union (“LIFE,” 2017). On the 1%t July 2013, a LIFE+ biodiversity project
was launched for a 5 years period in Alsace (France), destined to the preservation of the European
hamster and the associated farmland biodiversity, entitled ‘Alsace LIfe hamSTER: Demonstration
project to preserve European biodiversity in Alsace’ (i.e. LIFE ALISTER). This project of €3.096
million, is co-funded by the European Union (50% of the total eligible budget), and the Ministére
de I'Ecologie, du Dévelopement durable et de I'Energie (MEDDE). It is coordinated by the Alsace
Region, now called the ‘Grand-Est’. The ALISTER project involves different partners, both non-
academic and academic: the Agricultural Chamber of the Alsace Region (the CARA), an association
for mammalian studies and protection in the Alsace region (the GEPMA), a technical consulting
office for the environment (Actéon), the French Wildlife and Hunting Agency (the ONCFS) and the
French National Center for Scientific Research (CNRS). This project is declined into four axes
conciliating the biological, economical and sociological aspects of conservation. This project aims
at improving the knowledge on hamsters’ biology, finding innovative and long-term solutions for
its conservation in France and Europe, whilst ensuring good agricultural/economical profits in the
Region. My PhD thesis is an integral part of both the axes 1 and 2 of this project. The 4 axes

correspond to 4 different objectives to be achieved:

1. Improving the habitat of the common hamster, by identifying, testing and evaluating
promising and long-term sustainable farming practices adapted to the hamster and to local pedo-
climatic conditions. These practices must be nutritionally and seasonally favorable to hamsters and
also compatible with farmer’s technical and socio-economic constraints. These objective will be

achieved through studies in controlled and semi-natural conditions, followed by the establishment
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of a participatory process for selecting and testing practices with the highest potential in natural
conditions.

2. Reconnecting hamster populations by developing a device to improve the efficiency of
wildlife underpasses crossing. Three innovative actions are proposed, (i) the establishment of anti-
predation systems to be placed in wildlife underpasses in order to improve hamster crossing, (ii)
the testing of this anti-predation system in semi-natural conditions (in an exclosure built on both
sides of a motorway equipped with a wildlife underpass) and natural conditions and (iii) the
dissemination of recommendations for transport infrastructure development in the zones of
presence of the species in Europe.

3. Creating new development opportunities for hamster populations by testing the
introduction of hamsters in urban/suburban areas. Four actions are proposed, aiming at (i)
identifying the required conditions for the development of hamster populations in urban areas
(such as in Vienna, Austria or Prague, Czech Republic (Franceschini and Millesi, 2003; Hufnagl et
al.,, 2010; Surov et al., 2016); (ii) releasing 60 hamsters in the selected favorable sites; (iii)
monitoring their development and fitness and (iv) identifying pre-conditions and
recommendations for viable urban-suburban hamster populations.

4. Strengthening citizens’ awareness and social acceptance regarding the ‘conservation
value’ of hamsters and their importance for biodiversity. This will be achieved through three main
actions, first (i) the implementation of specific events which will mobilize the public, combined with
(ii) the regular interaction regarding farmland biodiversity and the umbrella characteristic of the
European hamster and finally (iii) the monitoring of regional media to evaluate the change in the

citizen’s perception regarding the species and its protection.
[ll. The European hamster, from its biology to its conservation

In its review on the European hamster in 1977, Nechay stated ‘Although the hamster is one of the
longest known rodents, there are hardly any data regarding it as compared with the immense
literature on other commonly occurring rodent species. Regarding many problems (e.g. taxonomy,
reproduction, hibernation, stores), much is unknown, or only contradictory information is
available. There is no knowledge of its population dynamics and demographic parameters, which

is important for developing and organizing measures of control. Little is known of its territorial and
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social behaviour, or of its circadian and seasonal activity, migration, nutritional requirements and
feeding habits’. Since then, intensive work has been carried out on hamsters’ biological rhythms
(Masson-Pévet et al., 1994; Monecke and Wollnik, 2005; Monecke et al., 2014, 2006; Sdenz De
Miera et al., 2014; Wollnik and Schmidt, 1995), agriculture management for conservation purposes
(Kuiters et al., 2007; La Haye et al., 2010; Out et al., 2011; Villemey et al., 2013; Weinhold, 2008),
activity patterns and food habits in urban environments (Franceschini and Millesi, 2003;
Franceschini et al., 2007; Hufnagl et al., 2010; Schmelzer and Millesi, 2003), population dynamics
modelling (La Haye et al., 2014; Tkadlec et al., 2015; Ulbrich and Kayser, 2004) and more recently
on the genetic diversity of different populations across Europe (Melosik et al., 2017; Neumann et
al., 2005, 2004; Reiners et al., 2014; Smulders et al., 2003). However, exactly 40 years later from
Nechay’s statement, there is still a huge gap regarding the scientific knowledge in many aspects of

hamsters’ ecology, eco-physiology and behavior in farmland habitats.

1. The European hamster: its biology, its ecology and its history in the Alsace
Morphological and biological characteristics

The European hamster is one of the largest rodents in the Cricetidae family. On average, males are
longer and larger than females (27-32 cm and 350g, and 22-25 cm and 260g, respectively) (Fenyk-
Melody, 2012; Nechay et al., 1977). Both sex show a marked seasonal cycle (Figure 6): they roughly
hibernate from October to March and are active from April to September (Lebl and Millesi, 2008;
Ulbrich and Kayser, 2004), although strong variations occur depending on individual sex and age.
Adult males are the first to immerge in their burrow for winter and the first to hibernate, followed
by adult females (Figure 6). Sub-adult individuals of both sexes only immerge in their burrow at the
end of September-beginning of October (Ulbrich and Kayser, 2004). Therefore, adult females
hibernate for shorter periods than adult males and spend more time active in their burrow before
emerging from hibernation (Siutz et al., 2016). Slight variations regarding hibernation duration
have also been recorded according to the geographical area considered and between lab and wild
conditions (Schmelzer and Millesi, 2003; Thomas, 2004; Ulbrich and Kayser, 2004). Hamsters’ body
mass varies throughout the annual cycle: individuals gain weight for the summer, with adult males
weighing up to 650 g (Fenyk-Melody, 2012; Nechay et al., 1977). The regulation of both the

seasonal cycle and the body mass of hamsters are under the control of an endogenous circannual
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clock (Canguilhem et al., 1988; Masson-Pévet et al., 1994). This circannual clock is controlled by
clock genes that defines a biological cycle on an annual basis, even under constant obscurity
conditions (Masson-Pévet et al., 1994). A phase of sensitivity to the shortening natural photoperiod
occurs around mid-July and results in the synchronization of the circannual clock with natural
photoperiod leading to marked circadian and hormonal changes (e.g. namely the pineal melatonin)
that induce gonadal regressions (Masson-Pévet et al., 1994; Monecke et al., 2014, 2006; Saenz De
Miera et al., 2014).

Crop cover
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Figure 6: Seasonal cycle of the European hamster (adapted from (Nechay et al., 1977; Siutz et al,,
2016; Ulbrich and Kayser, 2004) and timing of the protective cover for the two main crops

cultivated in the Alsace (wheat and maize).

Behavior
Studies on the behavior of the European hamster are very rare: only two studies have described
the behavioral characteristics of the species (Eibl-Eibesfeldt, 1953; Ziomek et al., 2009). In 1953,
V.l. Eibl-Eibesfeldt described the ethology of the species, based on direct observations, video-

recording and pictures under captive and wild conditions (Eibl-Eibesfeldt, 1953). Much more
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recently, Ziomek et al. described the behavior of the species under zoo conditions and show that
hamsters display much higher levels of non-social (94%) than social behaviors (~6%; mostly
observed in pups) (Ziomek et al., 2009). Their findings echo the ancient literature, which describes
the European hamster as ‘territorial’ and ‘aggressive’ (Eibl-Eibesfeldt, 1953; Nechay et al., 1977).
The inter-individual interactions of hamsters inhabiting Vienna have been described (Siutz and
Millesi, 2005) and two studies have characterized the sexual behavior of the species under
laboratory conditions (Reznik-Schuller et al., 1974; Vohralik, 1974). However, apart from these
descriptive studies, experimental studies on the behavior of the hamster, or comparative analyses

of its behavioral ecology in different conditions and environments, are severely lacking.

Life-history strategy
The European hamster is a species with a fast pace-of-life, i.e. with a short lifespan and a high
reproductive rate that should compensate for a high predation rate (Capellini et al., 2015; Fenyk-
Melody, 2012; Nechay et al., 1977). On average, hamsters life-expectancy is of 4 years in the wild,
but recent data indicate a lower lifespan in several European populations (Franceschini-Zink and
Millesi, 2008a; La Haye et al., 2014) and elevated predation in Western-Europe (Kayser et al., 2003;
Villemey et al., 2013). The reported reproductive rate of this species in Europe is of 2-3 litters per
year, composed of 4-7 pups each (Franceschini-Zink and Millesi, 2008a; Nechay et al., 1977),
although recent field investigations in France report a very low reproductive success (2.5+1.4 pups
per litter and 0.76 litter/female in 2014 (Kourkgy and Eidenschenck, 2015)). Therefore, it appears
that their reproductive rate does not allow to compensate their mortality rate, although the
ultimate causes for this observation are unknown. Several studies have highlighted the negative
effects of harvesting and more broadly of a lack of protective cover on the survival of the species
(La Haye et al., 2014; Villemey et al., 2013). Moreover, field reports suggest an important predation
rate in the early season (i.e. in April-May in maize fields and after harvest in July in wheat fields)
before hamsters may produce a viable litter (Kourkgy and Eidenschenck, 2015; Rostaing, 2011).

As indicated above, hamsters hibernate during the winter period. Hibernation is widely known
as a strategy used to face periods of low energy availability and cold ambient temperatures (Geiser,
2013; Humphries et al., 2003a; Love et al., 2008; Ruf and Geiser, 2015). However, it also appears

as a strategy to reduce annual mortality, partially through reduced predation rates (Turbill et al,,
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2011), and to minimize mammalian extinction (Geiser and Turbill, 2009). The European hamster is
a food-storing hibernator (Humpbhries et al., 2003b), which means that it needs to hoard very large
amounts of food (several kg) in its burrow to feed during periods of low food availability. (Wall,
1990). This can be during winter arousals (thanks to the maintenance of a fully functional digestive
system during hibernation in this species (Weitten et al., 2016)), but also during the active period
when above-ground foraging is not possible (Wall, 1990). It has been highlighted that the food
hoarded during the fall is particularly crucial for food-storing hibernators when food availability is
low on emergence: they can rely on the hoard they established in the fall for up to 11 months in
the wild (Munro et al., 2008; Wall, 1990). Given that species at high risk of facing periods of food
scarcity are those that rely the most on their hoarded food (Wall, 1990), the survival and
reproductive success of wild hamsters might greatly depend on the nutritional value of these
hoards. Indeed, only females weighing more than 200 g on emergence from hibernation are able
to reproduce in the spring. Therefore, if hamsters’ hoards are of low-quality, this might greatly
reduce their over-winter survival or their body condition on emergence, and therefore their fitness.
In the past, hamsters were able to hoard up to 50-90 Kg of seeds and tubers (Nechay et al., 1977;
Wall, 1990). The reduced period in which hamsters may gather grains before hibernation (as a
consequence of agriculture intensification) has been advanced as a cause of decline of the
population in the Netherlands (van Oorschot and van Mansvelt, 1998 in (Stoate et al., 2001)).
Therefore, the synergic effects of decreased survival during hibernation because of hoards of low-
quality, reduced reproductive success on emergence and increased mortality by predation because
of a lack of protective cover would substantially reduce hamsters’ fitness. However, these different

points remain to be further investigated.

Ecology

The European hamster lives in stable soils that are primarily composed of loess (very fertile and
dense soils made up of detritic sedimentary deposits) and are thus particularly adapted to crops.
It can dig burrows up to 2-meters deep, composed of several galleries and chambers (Figure 7)
(Grulich, 1981; Nechay et al., 1977). These burrows have an important role for soil dynamics and
soil fauna activity as they evolve in krotovinas, i.e. the result of burrowing activities on a geological

scale (Pietsch et al., 2014). The species is omnivorous, and therefore 80% of its optimal diet is
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composed of vegetables such as green parts of plants, seeds, roots and fruits, with the remaining
20% made up of insects, annelids, mollusks and small rodents. It can consume crops (alfalfa, corn,
cabbage, beets, wheat, rape...) as well as weeds such as dandelions, plantains or poppies (Gorecki
and Grygielska, 1975; Nechay et al., 1977). However, no study has yet investigated the change in
diet in farmland since the late 70s, paralleling changes in agricultural practices, nor how such
changes might affect hoarding behavior, hibernation or reproduction. The home range of the
species extends from 0.2 ha for females to 1.8 ha for males (Ulbrich and Kayser, 2004), in which
hamsters should be able to forage and to find a partner. Males are polygamous, and the territory
of one male usually covers home ranges of three or more females (Fenyk-Melody, 2012). However,
in low densities/relict populations (< 5 individuals/ha), the home range of males does not extend
far enough to reach the burrows of some females, and the latter therefore remain unfertilized

(Ulbrich and Kayser, 2004).
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Figure 7: Schematic representation of a hamster burrow (several chambers and exits) in a wheat

field. © Deutsche Wildtier Stiftung.

36



> Introduction

A brief history of the species in the Alsace: from pest to strictly protected status

European hamsters have long been considered as pests due to the damage they could cause
to crops when populations are plentiful. Therefore, they have been actively hunted and poisoned
from 1964 to 1990 in the Alsace, France (Chaigne et al., 2015). Despite the drastic population
decline recorded in the late 1960s, the species was only protected from 1993-onwards, under the
Habitat Directive and the Bern Convention (Chaigne et al., 2015; O’Brien, 2015). Its habitat started
to be protected much later, in April 2007, under an inter-ministerial decree. However, despite
these protections and the three successive PNAs implemented for its conservation from 2002-
2016, the species continued to dramatically decline in the Region. It is estimated to have shown a
7-fold decline between 2007 and 2012 (ONCFS, personal comm.). In total, the species decreased
by 94% (Chaigne et al., 2015) in its French distribution area from 1972 to 2010 (Figure 8). However,
the protection of its habitat associated to the restocking programs of the PNAs (with approximately
300 hamsters released every year in unharvested wheat fields surrounded by electrified fences
(ACTeon, 2012; Villemey et al., 2013)) have allowed to stabilize the French population between
500 and 800 individuals during the past seven years. Moreover, genetic diversity has been
preserved in the wild as in the French captive units (Reiners et al., 2014). This number is below the
survival threshold of this population, estimated to be of ~1500 individuals (ACTeon, 2012; Chaigne
et al., 2015; Villemey et al., 2013).
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Figure 8: Map showing the reduction of the distribution area of the hamster in the Alsace Region.
Municipalities where the species has disappeared between 1897 and 1965 (white), between 1965
and 1972 (light blue), between 1972 and 1992 (medium blue) and between 1992 and 2010 (dark
blue) are represented. In orange, the municipalities where the species has been recorded from

2010 to 2016 are represented. Adapted from ONCFS data by Nicolas Volkringer and myself.
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2. The dilemma of the European hamster in the Alsace: find food fast but don’t become
fast-food

The Alsace region (France) is characterized by a great diversity of landscapes: the Vosges
Mountains, the limestone reliefs, the Ried wetlands and the Alsace plain (Heuacker et al., 2015).
This Alsace plain accounts for 1/3 of the Region and is dominated (at 90%) by farmland (with up to
80% of maize monoculture (O’Brien, 2015)) whilst the remaining territory (10%) is covered by
urban areas and forests (Heuacker et al., 2015). About 91% of the species that depend on this
habitat are threatened, including the European hamster (Heuacker et al., 2015). Indeed, the
current French relict population of the species accounts for less than 1500 individuals and entirely
depends on the agricultural ecosystems of this plain (Reiners et al., 2014, Villemey et al., 2013).
Major landscape changes have been observed from the 1950 to 2010 in this region (see Figure 9a),
echoing the described effects of agriculture intensification and urbanization on the landscape
throughout Europe (section Il). The average size of an agricultural field in 2010 is about 1.4 ha,
which is well below the recorded size in other European countries (Bjorklund et al., 1999).
However, this sized field (1.4 ha) corresponds to the home range of a male and is seven times larger
than the home range of a female (Ulbrich and Kayser, 2004), suggesting that wild hamsters are
strongly constrained in their ability to access a wide range of food items and would mainly have to
rely on the main crop cultivated in their area of presence (see figure 9b). Moreover, given that the
plain of Alsace is highly fragmented by road infrastructures (Heuacker et al., 2015; O’Brien, 2015),
it appears that hamster dispersion is constrained by the associated barrier effect (see section I1.2).
More worryingly, a recent study (Jumeau and Handrich, 2016) reveals a predation risk from cats
and foxes on small mammals in the wildlife underpasses destined to reconnect wild hamster
populations in the Alsace plain. Therefore, the European hamster seem to be facing a major
dilemma in this highly anthropogenic landscape that could be summarized as follows: find food
fast but don’t become fast-food. Given that the hamster is an umbrella species (Heuacker et al.,
2015), its conservation (if carried-out through the restoration of a more suitable habitat) should
allow the preservation of a broad diversity of living organisms in European farmland. For instance,
in France, 91% of the species living in the same farmland habitats than the hamster are endangered

(Heuacker et al., 2015).
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Figure 9: (a) Landscapes changes in the Southern area of Strasbourg (Alsace, France), from 1950 to
2010 and (b) scheme representing the home range of male and female hamsters in comparison to
the size of the plots in the Alsace. In (a), both pictures (adapted from Archives Geoportail) are at
the same scale and therefore highlight the marked increase in plot size as well as in the number

and the size of the roads. In (b), the scheme is adapted from (a) and (Kayser et al., 2003).

Therefore, given the effects of both agriculture intensification and urbanization on
landscape modifications, it is very likely that these observed changes in Alsace have had similar
effects on hamster populations than those of similarly affected landscapes on farmland European
birds (section 1.2). For example, intensive monoculture could directly affect hamsters’ fitness
through a reduction of reproduction or survival (e.g. death of malnutrition, mechanization-
associated mortality, pathogens or predation). However, whilst previous focus was given to the
effects of predation on mortality in this species (owing to a reduced protective cover during the
active period), there is a lack of data on the effects of crop monoculture on the reproduction or

the hibernation of this species. In parallel, intensive monoculture could also indirectly affect fitness,
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e.g. if hamsters are in a habitat of poor quality, they might disperse to find a more suitable habitat,
leading to an increased risk of predation, therefore indirectly affecting fitness.

The lack of updated data on the ecology of the species is jeopardizing the implementation
of adapted conservation plans. Therefore, before being able to successfully conserve the European
hamster, there is a strong need: (i) to better understand the diversity and the strength of the
pressures operating on the populations of the species throughout Europe, (ii) whether these
populations show phenotypic plasticity or not, and (iii) how global change is affecting each
population. Specifically, that would mean to seek whether the problem is mostly related to a
decrease in reproduction (as suggested in (Surov et al., 2016)), a decrease in survival because of
increased predation rates (as suggested in (Ulbrich and Kayser, 2004; Villemey et al., 2013) or more
likely an inter-relation between reduced reproductive success and increased mortality (as

suggested by the reviews in farmland European birds (Benton et al., 2003; Wilson et al., 2005)).

3. Aims of my PhD

My PhD is an integral part of the first and second axes of the ALISTER project that ultimately
aim at improving the French habitat of the species through the development of ‘friendly agriculture
practices’ and the defragmentation of the landscape with the enhancement of wildlife
underpasses. Most of the data on how nutrition impacts life-history traits of the European hamster
using an ecophysiological and behavioral approach have been carried-out in urban areas,
specifically in Vienna (Franceschini-Zink and Millesi, 2008a; Hufnagl et al., 2011, 2010; Schmelzer
and Millesi, 2003; Siutz and Millesi, 2012, 2005). However, even though present in some cities (e.g.
Vienna, Prague, Simferopol), hamsters are mostly found in farmland across their European range
(Surov et al., 2016; Weinhold, 2008), and we are still lacking date relating nutrition and life-history
traits of the species in its main habitat. The aim of my PhD is therefore to fill this gap by bringing
new information on the farmland European hamster for the implementation of adapted
conservation plans and the restoration of a more suitable habitat in the Alsace. The results should
ultimately allow: 1) to implement innovative agricultural techniques to ensure a protective and
nutritive cover during the totality of the hamster’s life cycle and 2) to restore ecological corridors
improving hamsters’ dispersion and gene flow. These two points will be implemented in

collaboration with the CARA, the ONCFS and the regional office of the MEDDE (i.e. the Direction
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Régionale de I'Environnement, de ’Aménagement et du Logement, the DREAL). These measures
are intrinsically related to the observation that with agriculture and urbanization intensifications,
associated to habitat loss, degradation and fragmentation, hamsters face the same dilemma than
most farmland animals (see above), namely ‘find food fast but do not become fast-food’. However,
before being able to properly restore the hamsters’ habitat, we need more information on its
biology and on the pressures that intensive agriculture poses on hamsters’ reproduction and those

that road infrastructures pose to its dispersion.

Recent field investigations in the Alsace, revealed that less than one female produce a litter per
year (against more than 2 litters/female in older literature and across Europe (Franceschini-Zink
and Millesi, 2008b; Nechay et al., 1977)). This suggests that hamsters’ reproduction has been
dramatically reduced in France. However, we are severely lacking of data on the environmental
factors that could have affected their reproduction. Specifically, we are lacking of information on
how the monotonous diets usually imposed by monoculture have affected hamsters’ fitness. The
15t part of my thesis therefore focused on this thematic (Thematic I: Monoculture, nutrition and

fitness) and aimed at answering the following questions:

1) Which environmental factors have the most affected the fitness-related traits of the species in the
Alsace? (Chapter 1)

Seeking to understand which pressures were responsible of the crash in the hamster population in
the Alsace, | have gathered a body-mass data-set of 1527 wild-caught hamsters (from 1937 to
2014) looking at old records and old literature in the Alsace. | have then investigated for the effects
of agriculture and climate changes on the decline in body mass observed from 1937 onwards (study
1). This study therefore brings new insight onto the pressures faced by the French hamster
population during the past century.

2) Are maize and wheat nutritionally adapted for hamsters’ reproduction? (Chapter 2)

As indicated above, maize and wheat are the two main monoculture crops in the Alsace. Seeking
to understand how monotonous diets based on these two crops were affecting the hamsters’
reproduction, | have conducted eco-physiological studies under controlled (Box 1 and Study 2) and
semi-wild (Study 3) conditions. With these studies | bring new insight onto the mechanistic effects

of monoculture on the biology of the hamster. More specifically, this approach allows to pinpoints
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how monoculture per se, apart from the effects of mechanization or pesticides, can affect the
fitness of the hamster.

3) Which favorable crops could be associated to maize and wheat to ensure a good hibernation and
a proper reproductive success in this species? (Chapter 3)

Seeking to understand how to improve maize and wheat monoculture, | then investigated the
effects of 6 crop-associations (3 wheat-based associations and 3 maize-based associations) on both
the hibernation and the reproduction of the species (Study 4). | have also investigated for the
physiological costs of these diets, looking at their effects on the hamsters’ telomere (i.e. the
protective caps of chromosomes) dynamics during hibernation (Box 2). Results of these last studies
bring new information onto the effects of food hoards on the hibernation of this food-storing
rodent. Moreover, the beneficial crop-associations found in this study will benefit to the hamsters’
conservation.

4) How the results of this Thematic | can be applied to the hamsters’ conservation and the
improvement of its habitat? (Chapter 4)

In this chapter, | discuss the limits and scientific perspectives of my studies and expose some
recommendations for the conservation of the species in the Alsace and in Europe. More
specifically, based on the results of the chapter 1-3 and a review of the literature, | am making
suggestions and recommendations for the Agricultural chamber and the ONCFS to improve the

agro-ecosystems of the region for the hamster and the associated biodiversity.

In parallel of these reproductive issues recorded in the French population, a recent report
highlights cases of predation by cats and foxes on small mammals (e.g. common voles and field
mice) in the wildlife underpasses recently built for the hamster (Jumeau and Handrich, 2016).
Given the fragility of the French hamster population, such cases of predation could be very harmful
for this species. It therefore appears crucial to improve the safe crossing of hamsters, and more
broadly small mammals, in these underpasses. However, before being able to improve hamsters’
crossing, we need more information on their behavior, namely onto how they perceive and react
to predators and in which way it will affect their use of any anti-predation system that we could

implement. Therefore, the second part of my PhD focused on this thematic (Thematic 2: Hamster
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andipredatory behavior and anti-predation device: towards an improvement of wildlife underpasses)

and aimed at answering the following questions:

5) What is the optimal anti-predation device to secure hamsters’ crossing? And how hamsters’
perception and reaction towards predation pressures will influence their use of such a device?

(Chapter 5)

Seeking to secure and facilitate hamsters’ crossing in wildlife underpasses, | have developed an
anti-predation device to be placed in wildlife underpasses, with optimal characteristics for the
hamster (study 5). In order to know whether hamsters would avoid this device in case of predation
cues (such as urine) on it, or whether the presence of an actual predator will indeed push hamsters
to use the device as a refuge, | have conducted three experiments in controlled conditions. These
experiments (study 6), bring new information on the behavior of captive European hamsters when
faced to several predation cues. However, results of both of these studies revealed important inter-
individual differences in the response towards predation stimuli that were not explained by the sex
of the individuals. Moreover, these studies were conducted in captivity and do not confirm the

efficiency of the anti-predation device in the wild.

6) How to explain the differences of behavioral reactions when faced to predation cues at the intra-
species level? Will the results obtained in captivity be confirmed inside an actual underpasses?

(Chapter 6)

Seeking to understand how to explain the inter-individual differences in the behavioral responses
observed in our captive population, | have conducted several tests to evaluate the personality
(Careau et al., 2012; Martin and Réale, 2008; Réale et al., 2007) of the species (Box 3). Several
personality traits are known to be related to reaction towards predators (i.e. boldness) and to
dispersion (i.e. exploration/activity) (Réale et al., 2007). Given that boldness and dispersion appear
to be intrinsically linked in several species (Réale et al., 2007; Wolf et al., 2007) | was seeking to
understand whether a boldness-dispersion syndrome could explain the results observed in the
chapter 5. In a last study (Box 4), | have investigated whether the anti-predation device was
effective under semi-wild conditions, when hamsters were placed in an actual wildlife underpass

with a predator at proximity.
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7) How the results of the thematic 2 can be applied to the hamsters’ conservation and the

improvement of its habitat? (Chapter 7)

In this last chapter, | discuss the limits and scientific perspectives of the chapters 5 and 6.
Moreover, based on the results of these two chapters, | am making recommendations regarding

the implementation of the anti-predation device in the wildlife underpasses of the Alsace.
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« The most beautiful experience we can have is the mysterious. It is the fundamental emotion
that stands at the cradle of true art and true science. »

Albert Einstein, 7he world As 1 see It 1931

Take a look back on the causes of the
French population decline: what can we
learn from ancient data?

Content:

1. General approach

2. Summary of the main results and discussion

3. Study 1: Severe reduction of European hamster body mass owing to increasing maize
monoculture and winter rainfall (Published)
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1. General Approach

Global change have been shown to affect the phenotypes of wild vertebrates in many
different ways, e.g. through modifications of their behavior, their physiology, their morphology or
their reproduction. Specifically, climate (Smith et al. 1998; Yom-Tov 2001; Réale et al. 2003;
Charmantier et al. 2008; Ozgul et al. 2010; Campbell et al. 2012, 2013; Byrne et al. 2015) and
agricultural change (Rioux Paquette et al. 2014; Byrne et al. 2015) have been shown to affect the
body mass, the breeding phenology and the reproductive success of several vertebrate species,
both indirectly or directly related to individuals’ fitness and to population dynamics (Ozgul et al.
2010; Milner et al. 2013; Rioux Paquette et al. 2014). Seeking to understand which drivers were
responsible for the crash in the hamster population in the Alsace, we investigated the changes in
body mass of 1527 wild-caught hamsters on emergence from hibernation (in April and May)
during the last century (from 1937 to 2014). In that aim, | have gathered body mass data from
the Reports of the French Society of Physiology in Strasbourg, wrote by A. Malan and C. Kayser
(CNRS) until the 60s. | have also searched the archives of both the regional office of the MEDDE
and the ONCFS for hamsters’ body mass in April and May during the past decade. Finally, | have
collaborated with Paul Pévet, a French researcher from the CNRS that captured hamsters in the
Alsace during the 90s to study their biological rhythms and that had at his disposal body mass
data from this decade.

Hamster females become fertile after their first winter only if their body mass exceeds 200
grams (Vohralik 1974; Nechay et al. 1977). Therefore, hamsters’ body mass on emergence is a
good proxy of the quality of their hibernation and of their body condition for spring reproduction.
These changes in body mass were then correlated to environmental change, including agriculture
(i.e. annual production and acreage allocated to 7 crops in the Alsace since 1989) and climate (i.e.

mean annual temperature and mean annual rainfall since 1937) changes.

2. Summary of the main results and discussion
Hamsters’ body mass on emergence from hibernation decreased by 21% from 1937 onwards.
The decline seems to have occurred between the 70s and the early 90s, although data were not

available for this period (resulting in two significantly different plateaus: one before the 70s and
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one from the 90s onwards). When looking at the effects of climate changes on body mass, no
clear pattern appeared. However, when decomposing climate variables (temperature and
rainfall) into seasonal variables (i.e. average summer temperatures, summer rainfall, winter
temperatures and winter rainfall), we found that only increasing winter rainfall had a significant
effect on hamsters’ body mass change. The negative effects observed could be explained by an
associated reduction of soil insulation with augmented winter rainfall (replacing snowfall),
therefore increasing the cost of hibernation. Increasing winter rainfall could also result in the
deterioration of the food hoards through increased soil moisture, therefore reducing the quality

of the diet and ultimately hamsters’ body mass.

When looking at the effects of agricultural change (from the 90s onwards), we found that
maize monoculture intensification strongly and negatively affected hamsters’ body mass on
emergence, i.e. when the production and the acreage dedicated to maize monoculture were high
the year n, body mass of hamsters were subsequently reduced the year n+1. This could result
from the fact that maize is harvested in October, and thereafter the plots are left uncovered,
therefore potentially affecting the microclimate, which could result in increased costs of
hibernation for hamsters and ultimately on reduced body mass on emergence. Another
possibility is that a year with high maize production and important surfaces allocated to this
cereal might push hamsters to rely mostly on maize grains to spend the winter (i.e. store large
amounts of this cereal and having a hard time finding other grains to store) and would therefore
suggest that maize is not a proper food resource for the hibernation of this species, and is
reducing hamsters’ body condition on emergence. The correlative results of this study did not
allow us to conclude on whether it is monoculture (i.e. change in the landscape and associated
pedo-climatic conditions) or the maize itself (i.e. as being inappropriate for hamster’s
hibernation) or both of these elements combined that were affecting body mass on emergence.
However, the nutritional properties of maize and their effects on hamsters’ body condition and
reproductive success will be developed in the chapter 2, whereas | present in the chapter 3 the

results of my studies on the effects of maize-based diets on the hibernation of the species.

To conclude, this study pinpoints how both increasing winter rainfall (as a result of global

warming) and maize monoculture intensification have been involved in the critical reduction of
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hamsters’ body mass on emergence, which could have impaired their reproductive success in
pervasive ways during the past 50 years. Moreover, our results strongly suggest that the
intensification of maize monoculture — even though it has started later and therefore has
affected hamsters for a shorter period — had a stronger effect on hamsters’” body mass than
increasing winter rainfall. Therefore, even though more studies are needed to better understand
the inter-relation between global change and population dynamics in this species, given the rate
of maize monoculture intensification in the Alsace, this study supports that agriculture

management is at the core of the conservation of this species in France.
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Study 1 — Severe reduction of European hamster body mass on emergence from

hibernation due to increasing maize monoculture and winter rainfall
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Over the last decades, climate change and agricultural intensification have been identified as two major
phenomena negatively affecting biodiversity. However, little is known about their effects on the life-
history traits of hibernating species living in agro-ecosystems. The European hamster (Cricetus cricetus),
once a common rodent on agricultural land, is now on the verge of extinction in France. Despite the
implemented measures for its protection, populations are still in sharp decline but the reasons for it
remain unclear. To investigate how environmental change has affected this hibernating rodent, we used
a data set based on 1468 recordings of hamster body mass at emergence from hibernation from 1937 to
2014. We reveal the adverse effects of increasing winter rainfall and maize monoculture intensification
on the body mass of wild hamsters. Given the links that exist between body mass, reproductive success
and population dynamics in mammals, these results are of particularimportance to understand the
decline of this species. In view of the rates of maize monoculture intensification and the predicted
increase in winter rainfall, it is of the utmost importance to improve land management in Western
Europe to avoid the extinction of this species.

There is a consensus that agriculture and global warming are increasingly affecting wildlife!~>. Indeed, there has
been growing evidence over the last two decades that climate change is affecting the demography and life-history
traits of vertebrates* '2. Some species demonstrate a high phenotypic plasticity®®, whilst others fail to adapt and
consequently suffer a reduction in fitness'® and population decline®. However, climate change is just one of the
numerous threats currently faced by wildlife, and species’ response to climate change depend on their distribu-
tion, their life-history strategies and whether or not they are affected by additional pressures such as pollution,
fragmentation, invasive species or habitat loss>!*1°. Parallel to climate change, croplands and pastures have greatly
expanded and now cover almost 40% of the land on Earth'. This phenomenon is associated with changes in agri-
cultural practices! and is currently supported through intensive cereal monocropping, mainly of maize!®’. The
intensification of maize monoculture is known to cause soil degradation, the pollution of groundwater and bio-
diversity decline, affecting all species living in agricultural ecosystems!»'#-°. Climate change and agriculture are
directly (albeit partly) inter-related': agricultural intensification is known to emit the greenhouse gases involved
in climate change, which in turn directly affect agricultural production and sustainment. As a result, maize yields
are expected to decrease by approximately 12% in the coming years*"?2. Cumulatively, these elements directly
alter the habitat of farmland species and make it less diversified and more unpredictable!®?. This stochasticity
is even more damaging for small populations or species with a fast pace of life (i.e. a short lifespan and a high
reproductive rate) and low dispersion capacities. Indeed, these animals are known to be less able to cope with
“bad years”* and are highly susceptible to the Allee effect, i.e. reduced fitness at low population density*>=’.
The few existing studies linking climate change, agricultural intensification and life-history traits of farmland
vertebrates have been carried out on birds or on stable populations of badgers'"*. However, nothing is known to
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date about the effects of climate and agricultural changes on the life-history traits of hibernating species, nor have
any studies investigated how these factors affect fast pace of life mammals living in agro-ecosystems. Here, we
investigate for the first time the combined role played by climate and agricultural changes in the alarming decline
of the European hamster (Cricetus cricetus), a hibernating rodent that is now endangered in almost all Eurasian
range states and even locally extinct?*?°. The extinction threat is greater in the Western-part of its distribution
area (i.e. Netherlands, France, Germany and Belgium)?'. It is widely recognized that peripheral populations
(i.e. at the edge of the distribution) are genetically more differentiated than central ones, but are however facing
a higher stochasticity in demographic processes®. Consequently, their conservation deserves high priority and
might require specific measures®***. However, it has been difficult to implement efficient conservation measures
without a clear understanding of what causes the decline of the European hamster-especially in France, where
it has been considered as a pest until the 90s*. During the two last decades, the focus has been on hamster pop-
ulation dynamics, and studies based on burrow surveys and genetics have highlighted the deleterious effects of
insufficient protective cover on the mortality rate of wild hamsters?*36-3_It has recently been suggested that
other factors could be involved in the decline of the species across Europe, including an effect of climate change
on life-history traits or an overall decrease in reproductive success***. Yet nothing is known to date about the
environmental factors that could affect the body condition, lifespan or reproductive success of wild individuals.
In mammals, body mass—known to be related to fitness, predation risk and thus population dynamics?**~*-is
highly dependent on habitat suitability in agro-ecosystems®. In European hamsters, females only become fertile
after the first winter if their body mass exceeds a threshold of 200 g**. Poor body condition at emergence may
therefore greatly impair their reproductive success in spring, and consequently affect the population dynamic of
the species. We thus used data recorded from 1937 to 2014 to investigate how climate change and agricultural
modifications could have affected this species, focusing on the impact of these drivers on the body mass of wild
individuals at the period of emergence from hibernation. We first looked at the trend in body mass and climate
since 1937 and changes in crop diversity since 1989 in the French area of distribution of the species. We then
focused on inter-annual fluctuations in body mass between 1992 and 2014 and looked for a correlation with
variations in environmental parameters that could account for decreasing body condition. Finally, we focused on
the impact of climate on body mass since 1937 to disentangle effects of temperature from those of rainfall on the
trend observed in body mass.

Results

Trend in body mass change since 1937. Hamster body mass at the period of emergence decreased by
around 21% between 1937 and 2014 (Fig. 1a). Two plateaus can be observed: one showing a significantly higher
body mass before the 70s, and the other from the 90s onwards, with significantly lower body mass (F; 1,5, = 2.912,
p=0.033). Post-hoc analyses supported the findings in previous literature, showing that males are heavier than
females, whatever the decade (384 £ 15 g and 259 & 15 g respectively, F, ,45; = 668.2 and p < 0.001). Results also
indicated a higher weight in May than in April (312 + 7 g and 298 & 8 g respectively, F, ;5= 11.208, p=0.001).
We found no effect of an interaction between sex, month and decade on body mass (p > 0.2).

On the examination of changes in body mass from 1992 to 2014, we found significant variations between
successive years, both in males and females (Fig. 1b, F ;4= 3.348, p < 0.001 and Fig. 1c, Fs ¢;, = 4.476, p < 0.001
respectively). Males showed significantly lower body mass at the period of emergence in 1994 and 2014 (Fig. 1b;
data unavailable for males in 2013). Females were significantly lighter in 1994 (Fig. 1¢) and 2013 (Fig. 1¢), but
they did not show any sign of weight loss in 2014.

Changes in environmental variables and impact on body mass. When looking at inter-annual
climate variation since 1937, we observed a slight increase in average temperatures during hibernation
(October-March) and the active period (April-September) of the species (Fig. 2a, R?=0.171, p < 0.001 and
R?=10.385, p < 0.001, respectively). Although there was no variation in the average annual rainfall, a signifi-
cant increase was observed in rainfall averages during hibernation (Fig. 2b, R*= 0.272, p < 0.001). Changes in
the acreage for different crop types were due to the expansion of maize and triticale crops from 1989 onwards
(57% and 1233% respectively, Fig. 2¢,d), whilst the amount of land used for other crops such as wheat, rapeseed,
barley, rye and sunflower decreased by 12%, 56%, 74%, 49% and 91% respectively (Fig. 2¢,d).

To investigate the effects of agricultural change on body mass, we first carried out PCA analysis of fourteen
agricultural variables (surface and production of seven crops; see methodology for details); (Fig. 3). The PCA
extracted two components which explained 91.1% of the total variance: the first opposed maize monoculture
(negative values) to polycultural farming (i.e. wheat, rye, sunflower, rapeseed and barley; positive values, Fig. 3,
X axis). The second component mainly opposed two cultures: rye (positive values) and triticale (negative values,
Fig. 3, Y axis).

Secondly, we used path analysis to see how agriculture (components of the PCA) and climate (temperature
and rainfall) affected the body mass of hamsters at emergence from hibernation (see methodology for details).
The first path analysis (Model 1, Fig. 4a,b) revealed that body mass (from 1992 onwards) was strongly and posi-
tively related to polycultural farming (wheat, rye, sunflower, rapeseed and barley) and therefore negatively related
to maize monoculture in both sexes (Fig. 4a,b, p < 0.05). We did not find any significant relationships between
component 2 of the PCA and body mass in males or in females (Fig. 4a,b, p > 0.1). Temperatures and rainfall had
differential effects on body mass, depending on the sex. Whilst male body mass at emergence was strongly and
positively related to average temperature in year n-1, it did not seem to be affected by annual rainfall (Fig. 4a,
p=0.01 and p > 0.1 respectively). Conversely, female body mass was positively related to annual rainfall (year
n-1), but not to average temperature (Fig. 4b, p=0.031 and p > 0.1 respectively).

The second path analysis (Model 2, Fig. 4c) concerned the impact of inter-annual change in climate on body
mass at the period of emergence (from 1937 onwards), and revealed that this trait was significantly and negatively
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Figure 1. Change in body mass of wild hamsters (males and females) at the period of emergence from
hibernation. (a) Body mass (g) is represented per decade from 1937 onwards (N = 1468; <50s corresponds

to the period from 1937 to 1949, while >2001 represents the period from 2001 to 2014). Body mass (g) is
represented per year since 1992 (b) in males (N = 720) and (c) in females (N = 672). Geometric means are
represented == SEM and different letters highlight significant differences (Multifactorial ANOVA, p < 0.05). See
methodology section 3. for statistical details.

related to rainfall during hibernation in both sexes (Fig. 4c, p < 0.009). This was the only direct link found
between climatic variables and body mass in males or females (Fig. 4c, p > 0.09).

Discussion

The European hamster is a species with a fast pace of life, i.e. a short lifespan and a high reproductive rate that
should compensate for a high predation rate?”#%. It is widely recognized that introduction effort and the size and
number of litters are the most important parameters for mammal population growth from small numbers?. Yet
despite the theoretical high reproductive rate of these mammals and the strong reinforcement measures applied
to protect these populations, the species has shown a decrease of 94% in its French distribution area since 1972%.
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Figure 2. Inter-annual change in temperature, rainfall and crop acreage in the Bas-Rhin (Northern Alsace,
France) since 1937 (climate change) and 1989 (crop acreage). (a) Average temperature (°C) and (b) total
rainfall (mm) are shown according to the year and the period of the biological cycle of the common hamster
(active period and hibernation). (c) Crop acreage (ha) of the main cereals (wheat and corn) and of (d) five other
crops (rapeseed, barley, rye, sunflower and triticale) according to the year.
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Figure 3. Factorial map of PCA analysis on agriculture variables. Variables include production (per 100 Kg)
and acreage (in ha) of seven crops (rye, corn, triticale, barley, sunflower, wheat and rapeseed). The component

1 axis opposes maize monoculture (< —0.5) to polycultural farming (>0.5), while the component 2 axis mainly
opposes triticale and rye crops. See methodology section 3. for statistical details.

Interestingly however, genetic diversity has been preserved®. Given the importance of genetic diversity of mar-
gin populations for the long-term conservation of species®?, French populations thus justify a high conservation
priority. To reverse the decline and enhance the overall viability of these local populations, the French govern-
ment has launched successive Conservation Plans for the period 2000-2016°!. These plans include reinforcement
operations and the reconstruction of a network of alfalfa or wheat plots covering several acres, which are partially
harvested. Although these measures have helped to slow down the decline, they do not appear to be sufficient to
increase the hamster population. The evaluation report concerning these action plans underlines the serious lack
of knowledge about how multiple threats affect the biology and demographic parameters of hamster populations.
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Figure 4. Path analysis diagrams showing the impact of climate and agriculture (PCA components) on
the body mass of wild hamsters. Model 1 represents multiple relationships between temperatures, rainfall,
agricultural variables and body mass of (a) males and (b) females from 1992 to 2014, and model 2 (c) shows
multiple relationships between climatic variables and body mass of males and females from 1937 to 2014.
Arrows indicate significant directed links between variables. Unstandardized estimates (which can be positive
or negative) are indicated along their respective paths. Significant paths are indicated by solid arrows while
the dashed arrow represents a non-significant path remaining in the selected model (0.05 < p < 0.1). See
methodology for statistical details.

Our study reveals that climate change and maize monoculture have played a combined role in reducing the body
mass of wild hamsters by up to 21% since 1937. Given the existing links between body mass, predation risks and
reproductive success®>*1~%, it is very likely that this high decrease in body mass has affected the reproduction and
life expectancy of hamsters. Increased predation rates**** and reduced life expectancy (from 4 to 2 years®**)
have been recently reported in this species. Given that individuals gain mass throughout their life*%, this decrease
in the average age of wild populations could also partly explain the decline in body mass that we observed. Our
study sheds new light on how environmental change might have affected reproduction, a subject that was little
understood until now*’. We found that female body mass at emergence reached extremely low values in particular
years (e.g. 186.47 = 13.2 grs in 2013). As we indicated earlier, female European hamsters only become fertile after
the first winter if their body mass exceeds a threshold of 200 g*. This overall decrease in body mass could there-
fore greatly impair the reproductive success of females by delaying the first reproductive event and reducing the
number of females that produce a litter. This is supported by recent unpublished data on the reproductive success
of the species in France®. Litter size-recorded as 5-8 pups per litter across Europe***’-is currently estimated at
2.4+ 1.6 pups in France*®. More importantly, litter number, recorded as 2-3 litters/female/year***’ is currently
less than 1 litter/female/year in France?®.

The affirmation that intensive agriculture is the main cause in the decline of the European hamster has recently
been questioned, and global warming has been proposed as another cause of hamster population decline in
Western Europe®. In our analysis, Model 1 revealed a strong negative effect of maize monoculture (which has
increased by 57% since 1989) over the last two decades (3 = 15.11, Component 1 of the PCA), and Model 2
revealed that from 1937 to 2014, winter rainfall (which had increased by 28% during this period) had a slightly
negative effect on body mass (3 = —0.18), which had declined by 21% during the same period.

Changes incurred by maize are thus relatively recent (with an intensification at the end of the 80s) and seem
to have had a strong effect on body mass over a relatively short timescale. Conversely, winter rainfall started to
increase at an earlier date (1937), and its effect on body mass seems to be less abrupt but to have had an effect over
alonger period of time. These links between environmental variables and hamsters’ body mass can be illustrated
by two extreme examples. First, the 2012 explosion in maize production (following an extremely cold winter in
2011-2012 that damaged wheat production) was followed by a significantly reduced female body mass at emer-
gence in 2013, associated with a high decrease in the number of burrows the same year*. This higher production
of maize-associated with an increased allocation of land to this cereal-implies that less agricultural land was used
for other crops. This might ultimately lead to less varied food resources for hamsters during the winter hiberna-
tion period. Given the importance of food stores for this species* and the poor nutritional quality of maize®, this
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could negatively affect hibernation quality and thus hamster body mass at emergence. Moreover, as the stubble
is removed from maize fields after harvest in France, the microclimate (i.e. ground temperature and humidity)
in these bare plots during winter might be different to that found in wheat plots, which remain covered by crops
throughout the winter*®. Given that hibernation is known to be optimal at a given temperature®!, animals in these
plots may increase their energy expenditure, leading to greater loss of body mass. These non-mutually exclusive
hypotheses could explain the decline in body mass that we observed in animals emerging after years with high
maize production. These ideas are supported by the observation that hamsters emerging in a field of maize ulti-
mately leave the plot in the spring. However, they might remain on the maize plot if it had been previously seeded
with cereals (personal com.). In Germany (where maize occurrence ranges from 12% to 19%, compared to 55
to 80% in Alsace, France), it has been demonstrated that the occurrence of hamsters decreases as the presence
of maize increases, with no hamsters found in the areas where more than 18% of land was covered by maize®.
Researchers in the Netherlands do not prospect in maize fields that they consider as an unfavourable crop for the
species®. The second example of links between environmental variables and hamster body mass is the negative
link between winter rainfall and body mass, illustrated by the reduced body mass of males emerging after the
particularly warm and wet winter in 2013-2014 (i.e. 44% more rainfall than in 2006). In contrast to studies on
non-hibernating vertebrates highlighting that increasing temperatures have an effect on a variety of species* %2,
our study reveals that European hamsters seem to be more affected by increasing winter rainfall than by temper-
atures. However, our model revealed that increasing winter rainfall is associated with a warmer climate, which
thus indirectly affects hamster body mass. This finding echoes recent studies in hibernating mammals stating that
winter conditions (i.e. winter Pacific Decadal Oscillation) and warmer climates can negatively affect the duration
of hibernation and the survival of individuals®***. We can imagine that increasing winter rainfall would increase
soil moisture in depth (by percolation and rising of groundwater, located two to three meters underground in
Alsace). During winter, hamsters live in a ~2 metre-deep burrow** and would thus probably experience changes
in soil moisture more than changes in above-ground temperatures. Increased rainfall could lead to higher lev-
els of soil moisture during hibernation and wet the animal’s fur, ultimately reducing the insulation it provides
and increasing the cost of hibernation through higher heat loss and greater energy expenditure, inducing faster
body-mass loss. Another hypothesis is that wet soils could lead to the fast deterioration of food hoarded in the
burrow, resulting in lower stores of intact food and/or a lower quality of available food reserves for the winter. A
study in kangaroo rats® has shown that individuals can remodel their burrow and increase the number of exits in
response to high rainfall, presumably to increase the evaporation rate and avoid the deterioration of seed caches.
No study to date describes precisely how European hamsters manage the different stocks of food inside their
burrow, i.e. whether the entire stock is stored at the same place and depth and if it is therefore equally affected
by soil moisture. The effect of winter rainfall on body mass at emergence could be of particular importance to
start disentangling the reasons behind the decline of Central populations of the species (i.e. in Eastern Europe,
where maize monoculture has not expanded to the same extent as in Western Europe). This idea is supported by a
recent study highlighting that the current shrinkage of the species range in Europe may be a response to the oce-
anic climate gradient extending eastwards in Europe®. Regarding the negative impact of maize monoculture on
body mass at emergence, our results suggest that it could have played a major role in the decline of the European
hamster in France, covering 55 to 80% of its natural habitat. However, the multiple relationships presented above
do not allow us to determine whether it is the maize itself (i.e. its composition), monoculture (i.e. a lack of food
diversity/availability or a particular micro-climate) or both of these elements combined that negatively affect
body mass at emergence. We will thus further investigate the nutritional value of maize for this species, and in
parallel, look at how the fitness of wild individuals is affected by maize monoculture in Alsace.

Our results ultimately suggest that the overall decrease observed in body mass over the last century might
have affected the reproduction and survival of this species, and thus population dynamics. A recent study in
the European badger revealed positive links between global warming, increasing quality of habitat in agricul-
tural lands, body weight and population size in this species?®. Although the direction of the link is in the direct
opposite of what we observed in the European hamster, the links between environmental parameters, body mass
and population dynamics are consistent. Our results also provide objective knowledge that is underpinning con-
crete management proposals for the sustainment of European hamster populations in France. Further studies
are needed to extend our understanding of the underlying mechanisms that explain the impact of maize or win-
ter rainfall on the fitness of this species. Given the high rates of maize monoculture intensification and climate
change, we can expect the decline of European hamster populations to continue. This is especially true if nothing
is done to improve land management and inverse the predominance of intensive maize monoculture in Western
Europe. One solution would be to manage agricultural landscapes by managing field plots with a combination of
sharing and sparing strategies™ in order to improve soil quality, the abundance of invertebrates and thus habitat
suitability for the European hamster.

Material and Methods

Species and study site descriptions. The European hamster lives in loose and stable soils, which are also
particularly adapted to crops. Individuals have a marked seasonal body mass cycle in which they gain weight in
summer*. On average, males are longer and larger than females (27-32cm and 350 g, and 22-25 cm and 260 g,
respectively). Hamsters are food-storing” hibernators: they store large amounts of food in their burrow before
hibernating* and feed on these stocks during their winter arousals. Hibernation lasts from late September to
April, with variations occurring according to sex, age and body condition*#4,

In France, the current relict population of the species (<1500 individuals) is solely found in the agricultural
ecosystems of the Alsace plain®>*°, dominated by maize monoculture (that covers up to 80% of all cropland).
In this study, we focused on a “central” population representing 80% of total European hamster population in
Alsace®, located in the vicinity of Blaesheim (Alsace, France, N48°30'14.044” and E7°36/28.414, elevation: 154 m).
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The average size of agricultural plots in this area has tripled since 1971 (1.4 ha in 2010, compared to 0.54 ha in
1971). This surface area is equivalent to the home range of a male, and is seven times the size of the home range
for a female™.

Trend in body mass change since 1937.  We used individual body mass data collected between 1937 and
2014 by CNRS research teams (C. Kayser, B. Canguilhem, A. Malan and P. Pévet) and by the National Hunting
and Wildlife Agency (ONCEFS). This experiment was in accordance with EU 270 Directive 2010/63/EU guidelines
for animal experiments and the care and use of laboratory 271 and wild animals. It was approved by the Ethical
Committee (CREMEAS) under agreement 272 numbers 00624-01 and 00305-01. Wild hamsters were captured
and weighed from 1937 to the 60s by CNRS research teams (C. Kayser, B. Canguilhem and A. Malan) for captive
studies on hibernation. During the 90s, P. Pévet (CNRS) captured, weighed and then used hamsters for the estab-
lishment of a breeding unit and studies on biological rhythms. Finally, from 2001 to 2014, the ONCEFS captured
and weighed individuals before releasing them immediately. Data concerning the reproductive success of wild
females have only been available since 2014. The different teams followed the same protocol for capture (always
starting from the 1-5 of April and ending on 30" of May) and body mass measurement. We focused on body
mass in April and May as a proxy measure to evaluate the body condition of individuals emerging from hiberna-
tion, as body mass at this period is a key factor in survival and reproductive performances**. Data included body
mass at the period of emergence for 1468 individuals: 660 females, 742 males and 66 individuals for which the
sex was unknown. Analyses were run both with and without these 66 individuals, but since the trend was equiv-
alent in both cases, we retained data for these individuals in our analysis. Data were spread over 19 years between
1937 and 2014 and computed to period class (i.e. “decades”): <50s (up to and including 1949), the 60s, the 90s
and 2001-2014. We tested the possible impact of (i) sex, (ii) decade, (iii) month (April or May) and interactions
between (iv) sex*decade and (v) sex*month on body mass.

We then focused on the inter-annual fluctuations of body mass between the early 90s and 2014, the period for
which we had the most detailed data set. This enabled us to look at the impact of environmental variables on this
trait while excluding confounding factors such as hunting (the species has been protected since the early 90s but
was previously actively trapped and poisoned®**>?). Analyses were run separately for each sex due to the sexual
dimorphism in this species and because data was missing for males (2013) and females (2001). We then tested
whether (i) year and (ii) month (April or May) had an impact on body mass.

Changes in environmental variables and impact on body mass. To investigate the impact of envi-
ronmental change on body mass from 1992 to 2014, we focused on the relationships between body mass at emer-
gence (year n), climate (year n-1) and crop diversity/availability (year n-1). We first looked at how inter-relations
between rainfall, temperatures and agriculture (year n-1) could impair body mass at emergence (year n). The cli-
matic parameter was composed of (i) average annual temperature and (ii) total annual rainfall (data from Météo
France, Entzheim station). The agricultural parameter was derived from data on the production (per 100 Kg) and
acreage (ha) of seven crops: wheat (Triticum aestivum), maize (Zea mays), sunflower (Helianthus annuus), barley
(Hordeum vulgare), rye (Secale cereal), triticale (Triticosecale sp.) and rapeseed (Brassica napus).

In a second analysis (Model 2), we tried to understand whether body mass on emergence (year n) had been
more affected by the climate during the winter (rainfall and temperatures from October to March, year n-1 to year
n) or by the climate during the active period (from April to September, year n-1) from 1937 to 2014. The climatic
parameter was composed of (i) the average temperature and (i,) the total rainfall during the active period, and (ii)
average temperature and (ii,) total rainfall during hibernation.

Statistical analyses. Data for body mass change were analysed using multifactorial ANOVAs. Normality
was tested using a Kolmogorov-Smirnov test and variance homogeneity was checked using a non-parametric
Levene test. Body mass variables were log-transformed to fulfil normality conditions. Multiple comparisons were
analysed via post-hoc LSD testing. We back-transformed the data using the antilog® for representation of body
mass (rather than Log,, of body mass) in Fig. 1: data represented are geometric means + SEM.

Data for climate change (temperature and rainfall) were analysed using quadratic and linear regressions,
respectively. We carried out a principal component analysis (PCA) to reduce the number of agricultural variables
and to extract the main ones.

Path analysis® was then used to test for the presence, nature and strength of multiple relationships between
environmental variables (rainfall, temperature, components of the PCA) and body mass. The most parsimoni-
ous model was selected by removing insignificant paths one by one. We only removed a path if the Chi-square
(which tests the null-hypothesis that the reduced model fits the data as well as the saturated model) value of the
model remained >0.1. Analyses were conducted using IBM SPSS software (IBM Corp. Released 2012. IBM SPSS
Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp; SPSS-AMOS for path analysis), and the signifi-
cance threshold was set at p < 0.05.
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semi-wild enclosures
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1. General approach

With agriculture intensification and the expansion of monoculture, farmland species are
often constrained by the lack of food diversity and quality (Evans 1997; Goulson et al. 2015). In
this context, and with the main aim of filling the gap regarding how the diet of the European
hamster in intensive farmland can affect its biology, we designed three studies in captive (box 1
and study 2) and semi-natural conditions (study 3). More precisely, the common goal of these
studies was to understand how the major increase in maize and wheat monocultures recorded in
the study 1 (Tissier et al. 2016) can impair hamsters’ reproduction through a

modification/restriction of their diet. This chapter is therefore declined into three sections:

- In the first section (box 1; two diet selection experiments), | present the results of a study
investigating for food preferences in captive female hamsters. First, we compared maize and
wheat (i.e. the two main crops currently cultivated in the Alsace (O’Brien 2015; Tissier et al.
2016) to other crops that were important components of hamsters’ diet in the 70s across
European farmland (Gorecki & Grygielska 1975; Nechay et al. 1977). We have then verified
whether hamsters spontaneously consumed clover and earthworms, as a prerequisite for the

study 2.

- Secondly, | present the results of a study (study 2) looking at the effects of wheat and maize
on the reproduction of hamster females under controlled conditions. The omnivorous diet of the
species in current and intensive French farmland was simulated by supplementing maize and
wheat with either clover or earthworms (i.e. protein-rich items), leading to four diets: maize-
clover, maize-worm, wheat-clover and wheat-worm. | then looked at how these diets affected
females’ fecundity (number of pups at parturition), change in body mass, oxytocin plasma levels
(i.e. the main maternal hormone in mammals) as well as pups’ survival and body mass at

weaning.

- In the last part of this chapter (study 3), | have investigated whether the results observed in
the study 2 (i.e. in captive females) were confirmed under semi-natural conditions. More
precisely, | was seeking to understand whether hamsters were able to have a sufficiently diverse

diet by consuming invertebrates and adventive plants to ensure a good reproduction, depending
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on the diversity of the sowing. | therefore designed a study in semi-wild enclosures, to compare
for the effects of organic monoculture crops (enclosures seeded with either wheat or maize) and
mixed organic crops (enclosures seeded with four crops each) on hamsters’ fitness. | recorded
hamsters’ survival and reproductive success (number of pups emerging from the burrow) as well

as the adventive plant and invertebrate species richness in each enclosure.

2. Summary of the main results discussion

All the food items (i.e. wheat and maize grains, potato tubers, maize leaves, alfalfa roots and
alfalfa leaves) given to the hamsters in the first diet selection experiment (Box 1, groups A and B)
were consumed, in varying proportions. Hamsters preferentially consumed wheat grains
(5.31+0.41 g/day), maize grains (5.10+0.41 g/day) and potato tubers (5.47+0.56 g/day). However,
their choice towards these food items vary according to the other items in the diet, likely to meet
their specific daily energy and macronutrient requirements (i.e. protein = 1.07+0.01 g/day, lipid =
0.43+0.03 g/day and energy = 204.1+0.15 KJ/day). Therefore, hamsters’ food choice seem to vary
depending on their food preference (i.e. palatability of the food item), their physiological
requirements (i.e. required daily protein, lipid and energy intakes) and the composition of the
food items that they have at their disposal. The second diet selection experiment (Box 1; group C)
first reveals that hamsters displayed a strong food preference towards clover and earthworms
(compared to the conventional diet and wheat grains). It also pinpoints that hamsters’ daily
protein, lipid and energy intakes strongly increase between March and May, likely to meet
increased daily requirements during this reproductive period (Speakman 2008).

Results of the study 2 revealed that females fed with maize-based diets showed a reduction
of up to 75% of their reproductive success compared to females fed on the wheat-worm diet,
mainly caused by a high rate of infanticide during the first day after parturition. This reduced
reproductive success in maize-fed females was associated to hyperactivity and aggressive
behaviors compared to wheat-fed females. However, despite these reduced maternal behaviors
and this greater aggressivity, females fed with maize did not show a reduction in their body mass
that is often correlated with litter reduction in rodent (Schneider & Wade 1989). They did not
show either a significant reduction in their plasma levels of oxytocin that usually related to

aggressivity and reduced maternal behaviors in rodents (McCarthy 1990; Harmon et al. 2002).
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Finally, the few surviving pups in the maize groups displayed reduced body mass at weaning (of
up to 50%) and two cases of siblicides were observed. We found no significant differences in
macronutrients, energy or mineral contents (see Appendix 1 for minerals) of the diets that could
explain these results. We rather showed that the tryptophan and vitamin B3 (i.e. niacin or
nicotinamide) deficiencies in maize were responsible of these high rates of infanticides. This
vitamin is crucial for red-ox reactions (through its implication in NAD and NADP synthesis, see
Figure 10). Therefore, tryptophan and vitamin B3 deficiencies ultimately lead to the damage of
many tissues and a variety of symptoms (diarrhea, dermatitis and dementia in humans (Hegyi et
al. 2004; Wan et al. 2011), the black-tongue syndrome in dogs (Ammerman et al. 1995) or
aggressivity in rodents (Walz et al. 2013). Given the complexity of vitamin B3 synthesis in vivo
(Figure 10), and given that tryptophan is also essential to the synthesis of serotonin (involved in
aggressiveness and depression (Ernandes et al. 1996); 5-HIAA, Figure 10), the detrimental effects
of a predominance of maize in the diet are extremely difficult to counteract with other food

items (Ernandes et al. 1996).

Results of the study 3 (in semi-wild enclosures) confirm that hamsters were not able to
compensate for this deficiency by consuming other food items such as invertebrates or adventive
plants. Indeed, hamsters’ reproductive success was 82% lower in monoculture crops than in
mixed crops. In parallel, monoculture crops reduced by 38% and 28% adventive plant and
invertebrate species richness compared to mixed crops. Although the link between reduced
hamsters’ reproductive success and decreased plant and invertebrate species richness in this 3™
study is only correlative, results strongly suggests that hamsters were suffering from nutritional
deficiencies in monoculture crops that strongly reduced their reproductive success. This study
therefore pinpoints how monoculture per se (i.e. even when excluding the use of pesticide and
mechanization) impairs hamsters’” reproduction. Moreover, these results highlight the
importance of restoring diverse sowing in agricultural landscapes. However, replacing
monoculture by 4-crops sowing appears extremely difficult to implement in the current
agricultural schemes in the Alsace. Therefore, the next step will be to investigate for two-crop-
associations favorable to the hamster and that could be of agronomic/economic interests or

more easily implemented by French farmers than the sunflower-maize-wheat-alfalfa association.
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Figure 10: diagram representing the metabolism of tryptophan to vitamin B3 and sumarizing the
pathways between nicotinamide, ocytocin, oxidative stress and aging in mammals (adapted from
(Itagaki 2005; Herranz & Serrano 2010; Wan et al. 2011; Imai & Guarente 2014)). 5-HAA:

serotonin, B2: riboflavin, B6: pyridoxine and SIRT1: sirtuin 1, telomeres: protective caps of the

chromosomes.
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Box 1 - Diet selection in the European hamster, daily macronutrient and energy intakes

Unpublished data *
Short introduction

The last studies on the diet of the European hamster in farmland date back to the 70s and report
that the species was feeding on grains (wheat, poppy, maize), invertebrates, green parts of plants
(wheat, clover, rape, beet, potatoes and alfalfa) and even on vertebrates (Gorecki & Grygielska
1975). In summer (June and July), wheat (75.5%) and maize starch (13.1%) were predominantly
found in the stomachs of farmland hamsters. However, in the fall (October, November), potato
starch (44.4%) and maize starch (22.2%) were the most represented. Regarding the green parts
of plants, wheat crop was the most consumed in summer (31.6%) whereas in the fall green parts
of clover and potatoes were the most represented (25% and 22.5%, respectively). Therefore, the
authors conclude that wheat is the predominant plant (60.6%) in the diet of the hamster during
the whole vegetation period, and that corn and potatoes are following (approximately 14.5% of
occurrence for each). However, this ranking in food consumption is very likely caused by a
predominance of wheat in the field (i.e. hamsters were captured in wheat fields during the
summer and in clover during the fall) and do not really represent a food choice or any food
preference. Moreover, agro-ecosystems have greatly changed since this study (carried-out in
Poland in 1974), and in the Alsace, farmlands mostly do not contain poppies, rape, beans or oats
anymore. Maize and wheat are predominant (see (O’Brien 2015; Tissier et al. 2016)), with
occasional clover inter-crops (ACTeon 2012) and frequent plots of alfalfa (from 3% to 25%
(ACTeon 2012)), considered as a favorable crop for the species ((Out et al. 2011; ACTeon 2012)
but see (Villemey et al. 2013)).

Therefore, we carried-out these diet selection experiments to investigate: 1) whether hamsters
spontaneously consumed and/or show a preference between maize and wheat grains in captive
conditions, 2) for the predominance of these grains in their diet when supplemented with other

food items and 3) the palatability of earthworms and clover given to the females in the study 2.
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Methodology

Animals and housing conditions

Hamsters were housed in large cages (W x H x D: 380 x 257 x 590 mm) and maintained in
controlled environmental conditions (temperature 20+2°C; humidity 35-55%; summer
photoperiod, 16L: 8D) throughout the experiment. They were fed ad libitum on a conventional
diet (pellets 105, from Safe, Augy, France, composed of 19.3% protein, 54.9% carbohydrates,

5.1% lipids, 4.2% cellulose, 5.0% minerals, and 11.5% water) prior to the experiment.

Experimental protocol

Two diet selection experiments were carried-out. The first experiment started 20 days after the
transition from winter photoperiod (8L: 16D; ~ march) to summer photoperiod and was
performed on 30 one year-old female hamsters. These 30 females were divided into two groups
(A and B) with different food items (Table 1). The second experiment started later (8 weeks after
the transition from winter photoperiod) and was performed on 10 one-year old females (group C,
Table 1). Regarding the experimental set-up, females were first exposed to the food items of
each experimental group (A, B or C) during a 40-hour period of habituation, during which they
had also access to conventional food items (pellets 105, see above). The totality of the food was
then removed for 8 hours before the start of the food selection experiment. Hamsters were then
maintained either on the group A (15 females), B (15 females) or C (10 females; in this group, the
pellets 105 represented one of the four items) for 24 hours, to estimate their daily food intake.
After this period, the totality of the food remaining in the cage was collected, dried and weighed

to evaluate hamsters’ daily food intake (g day™ of dry matter).

Group ltem 1 Item 2 Item 3 Item 4
Maize grains | Wheat grains | Maize leaves | Alfalfa roots

B Maize grains Wheat grains | Alfalfa leaves | Potatoes
Wheat grains | Earthworms Clover Pellets 105

Table 1: composition of the experimental diets. The three diets were composed of four items and

hamsters received 8 g (fresh material) of each item, except in the diet C in which they received

10 g of each food item.
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Macronutrient content of the food items

We measured the total protein (Kjeldhal method (Folch et al. 1957)), lipid (Folch method (Folch
et al. 1957)) and energy (using a PAAR calorimeter calibrated with benzoic acid) content for each
food item. Each sample was carried out in duplicate in each of the three techniques (More details
can be found in (Tissier et al. 2017), study 2). We were not able to measure the protein and lipid

content of the maize leaf because of a lack of fresh material.

Ethics
The experimental protocol followed EU Directive 2010/63/EU guidelines for animal experiments
and the care and use of laboratory animals, and was approved by the Ethical Committee

(CREMEAS) under agreement number 00624-01.

Data analyses

Data presented are means + SEM. Normality of the residuals was tested using a Kolmogorov-
Smirnov test and variance homogeneity was checked using a Levene test. In the first diet
selection experiment, to investigate for food preference, we looked at the effect of the diet (A or
B) and the item identity on the specific daily food intake for each food items, using a Linear
Model (LM). The diet and the item identity were included as fixed factors and the total daily
intake was included as a covariate. In the second selection experiment, a LM was also used and
only the item identity was included as fixed factor, with the daily intake as a covariate. Multiple
comparisons were analysed via post-hoc LSD (least significant difference) testing. Analyses were
conducted using IBM SPSS software (IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY:
IBM Corp), and the significance threshold was set at p<0.05. Figures were prepared using

GraphPad prism software (Version 5, La Jolla, USA).

Results

In each group, four items given to hamsters were consumed, but in varying proportions. Results
of the first diet selection experiment revealed that hamsters displayed a strong selection (food
item effect, Fs111= 11.32, p=7.8.10°). They ingested significantly more potato tubers (5.47+0.56
g/day), maize grains (5.10+0.41 g/day) and wheat grains (5.31+0.41 g/day) than alfalfa leaves
(2.02+0.56 g/day), maize leaves (2.62+0.60 g/day) and alfalfa roots (2.14+0.6 g/day; p<0.05). We
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also found a group*food item interaction (F1111 = 6.55, p = 0.012). Post-hoc analyses highlighted
that in the group A, hamsters selected for wheat grains over maize grains, whereas maize leaves
and alfalfa roots were the least consumed food items (Figure 11a). In the group B, however,
hamsters ingested the most potatoes and maize grains, whereas wheat grains were slightly (but
not significantly, p = 0.071) less consumed. Alfalfa leaves were the least consumed among all the

food items (Figure 11b).

Figure 11: daily food intake of each food item in the
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In the second food experiment, hamsters also consumed the four food items available but they
displayed a selection (effect of the food item, F33s = 26.65, p < 0.001) towards clover and

earthworms (Figure 12).
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Figure 12: daily intake of each food item
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Comparing the group A and B highlights that the daily intakes in proteins (~ 1.07+0.01 g/day),
lipids (~0.4340.03 g/day) and energy (~204.1+0.15 Kj/day) are extremely similar between these
two groups, despite some differences in the total daily food intake (g of food/day) (Table 2).
When looking at the group C, we can observe up to a 2-fold increase in the daily intakes in food
and energy compared to the groups A and B. As a result, individuals from the group C ingested 3

times more proteins and 2 times more lipids than in the groups A and B.

Ingested Ingested Ingested Ingested
Group Food item quantity (g energy proteins lipids
of FM/day) (Kl/day) (g/day) (g/day)
A Wheat (grains) 6.285 99.932 0.622 0.226
A Maize (grains) 4.597 79.528 0.382 0.170
A Alfalfa (roots) 1.685 11.627 0.101 0.067

A Maize (leaves) 2.169 13.079 NA NA

A Total 14.736 204.166 1.105 0.463
B Wheat (grains) 4.278 68.020 0.424 0.154
B Maize (grains) 5.536 95.773 0.459 0.205
B Potato (tubers) 5.868 25.819 0.088 0.018
B Alfalfa (leaves) 2.414 14.243 0.111 0.022
C Wheat (grains) 5.796 92.156 0.574 0.209
C Earthworms 9.896 46.69 1.534 0.228
C Clover 9.101 26.50 0.257 0.106
C Pellets 105 6.770 102.3 1.476 0.366
C Total 31.563 267.65 3.841 0.909

Table 2: Daily food, energy, protein and lipid intakes according to the group and the food items.

Values are given in fresh matter (FM), kilojoules (KJ) and grams (g). Pellets 105: conventional diet
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given to the hamsters. NA indicate missing values. We therefore used data from (AFZ et al. 2011)

to estimate the total protein and lipid intakes in the group A.

Short discussion

These results show that hamsters consumed all the food items available. However, they
display important food selection, which varies according to the items available. Indeed, some
food items (i.e. potato, earthworms, clover, maize grains and wheat grains) were consumed in
significantly greater quantities. However, hamsters’ food consumption varies according to the
diversity of the food items provided (e.g. wheat grains were preferentially consumed in the group
A, but not in the two other groups). When looking at the ingested levels of macronutrients and
energy in the different groups, it appears that in the groups A and B (tested in March), female
hamsters ingested the same amount of energy (~204 Kj/day), lipids (~0.4 g of lipids/day) and
proteins (~1.08 g of proteins/day) in the two groups, but not the same quantity of fresh mass
(FM intake of ~14.7 g in the group A and ~18.1 g in the group B). In the latter, hamsters ingested
important levels of potato (not given to the group A), which is rich in water but poor in lipids and
proteins. Therefore, animals of the group B were able to ingest great amount of this food item,
without significantly increasing their daily energy and macronutrient intakes. These results
therefore suggest that hamsters of these two groups modify their consumption in function of
their food preference but also to meet their physiological needs, which is only possible if their
diet allow them to do so (i.e. if it is diversified enough).

In the group C (tested in late May), we can observe that hamsters greatly increase their
daily food intake (i.e. twofold to threefold increase compared to groups A and B). In the group C,
they ingested ~31.6 g of FM per day, leading to consequent increase in their daily energy, lipid,
and protein intakes. This increase in food, energy and macronutrient intakes is a probable
consequence of the physiological states of hamsters, that were in the reproductive period in late
May, known to be associated to increased daily requirements (Schneider & Wade 1989, 1991;
Schneider 2004; Speakman 2008). Now that the spontaneous consumption of maize and wheat
grains, as well as earthworms and clover have been confirmed, it remains to investigate whether

these items influence the reproduction of the species.
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Study 2 - maize consumption, vitamin B3 deficiency and high rates of maternal infanticides

Published !

© Shutterstock/jausa

1 Tissier ML, Handrich Y, Dallongeville O, Robin J-P, Habold C.2017. Diets derived from maize monoculture cause maternal
infanticides in the endangered EuropeanhamsterduetoavitaminB3 deficiency. Proc.R.Soc.B 284: 20162168.
http://dx.doi.org/10.1098/rspb.2016.2168

72






ISSN 0962-8452 | Volume 284 | Issue 1847 | 25 January 2017

PROCEEDINGS
OF THE ROYAL SOCIETY B

BIOLOGICAL SCIENCES

In this issue: Conditional fetal and A new late cretaceous Food quality and conspicuousness
infant killing by male baboons iguanomorph from North America shape improvements in olfactory
and the origin of new world discrimination

pleurodonta (Squamata, iguania)

THE

ROYAL
SOCIETY

PUBLISHING

A bout the cover: See the paper ‘Diets derived from maize monoculture cause maternal infanticides in the endangered European hamster due to a
vitamin B3 deficiency’ by Tissier et al, published in Proceedings B: (http://dx.doi.org/10.1098/rspb.2016.2168). Photo ©Mathilde Tissier (IPHC
laboratory, CNRS and Université de Strasbourg — LIFE Alister program).



http://dx.doi.org/10.1098/rspb.2016.2168

Downloaded from http://rspb.royalsocietypublishing.org/ on January 18, 2017

PROCEEDINGS B

rsph.royalsocietypublishing.org

)

Research

updates

Cite this article: Tissier ML, Handrich Y,
Dallongeville 0, Robin J-P, Habold C. 2017
Diets derived from maize monoculture cause
maternal infanticides in the endangered
European hamster due to a vitamin B3
deficiency. Proc. R. Soc. B 284: 20162168.
http://dx.doi.org/10.1098/rspb.2016.2168

Received: 4 October 2016
Accepted: 19 December 2016

Subject Category:
Global change and conservation

Subject Areas:
ecology, physiology, behaviour

Keywords:
conservation, corn, feeding ecology,
fitness, niacin, pellagra

Author for correspondence:
Mathilde L. Tissier
e-mail: mathilde.tissier@hotmail.com

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.fig-
share.c.3653201.

THE ROYAL SOCIETY

PUBLISHING

Diets derived from maize monoculture
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From 1735 to 1940, maize-based diets led to the death of hundreds of thousands
of people from pellagra, a complex disease caused by tryptophan and vitamin
B3 deficiencies. The current cereal monoculture trend restricts farmland
animals to similarly monotonous diets. However, few studies have distin-
guished the effects of crop nutritional properties on the reproduction of these
species from those of other detrimental factors such as pesticide toxicity or
agricultural ploughing. This study shows that maize-based diets cause high
rates of maternal infanticides in the European hamster, a farmland species on
the verge of extinction in Western Europe. Vitamin B3 supplementation is
shown to effectively restore reproductive success in maize-fed females. This
study pinpoints how nutritional deficiencies caused by maize monoculture
could affect farmland animal reproduction and hence their fitness.

1. Introduction

In recent decades, there have been major changes in agricultural practices, directly
associated with the increasing demand for food, plastics and biofuels [1-3]. This
increased demand is currently satisfied by intensively managed monoculture of
cereal crops [2,3]. Cereal monoculture has been associated with an increase in
the mortality of farmland species because of pesticide toxicity, agricultural
mechanization or higher predation rates [4—9]. The resulting decline in biodiver-
sity has led to a drastic reduction in ‘ecosystem services’, which are currently
threatening human safety and nutrition worldwide [1,10-12]. These nutritional
threats notably occur through a reduction in access to micronutrients (minerals,
amino acids and vitamins) by pollinators [13].

Intensive monoculture has also been linked to the increase in the size of plots,
the loss of edge zones and of green corridors associated with marked environ-
mental stochasticity in agroecosystems [1,2]. In parallel, the intensive use of
inputs is reducing the diversity and abundance of adventive species, soil fauna
and microbial communities [10,14,15]. Taken together, these phenomena are
making food availability unpredictable and poorly diversified for farmland wild-
life, which are thus restricted to a more monotonous and stochastic diet [16—18].
Goulson et al. [16] recently stated that ‘it seems certain that bees inhabiting inten-
sive farmland have a more monotonous diet than they would have experienced in
their evolutionary past, but how this impacts upon their fitness remains unclear’.
Indeed, the lack of flower diversity in intensively managed farmland with the
predominance of flowers in the form of mass-flowering crops such as wheat,
maize or canola strongly constrain pollinators in their diet [16,19]. More generally,
all species with small home ranges that live in agricultural landscapes appear
to be constrained in their diet by thousands of hectares dominated by one or
two intensively cultivated crops. However, studies are still lacking on how
crop-based diets with varying macronutrient, mineral or vitamin contents and

© 2017 The Author(s) Published by the Royal Society. Al rights reserved.
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amino acid composition influence the physiology, behaviour or
key life-history traits—such as reproduction—of farmland ani-
mals. This is especially true for species with small home
ranges, a marked seasonal cycle or for rare or endangered
species that are complex to monitor in the wild without threaten-
ing their survival. Indeed, studies including the effects of
crop-based diets on wildlife in agricultural landscapes are still
scarce and limited to invertebrates [16,19] or mammals with
large home ranges [20].

The European hamster (Cricetus cricetus)—critically
endangered in Europe [21-23]—is particularly threatened
by the expansion of wheat and maize monocultures in Wes-
tern Europe [22,24]. The highly fluctuating food availability
(with crop rotation and harvest) associated with the strong
seasonality of the species (which hibernates from October—
April and reproduces from April-September) put it at high
risk of facing periods of food scarcity, even during the repro-
ductive period (e.g. after harvest). The European hamster
belongs to the food-hoarding hibernators [25-27], known to
hoard very large amounts of food in their burrow to feed
during winter arousals but also during the active period
(for up to 11 months in some species [27,28]) when above-
ground foraging is not possible [27]. Given that species at
high risk of facing periods of food scarcity are those that rely
the most on their hoarded food [27], the survival and reproduc-
tive success of wild hamsters might greatly depend on the
nutritional value of their hoards. However, up-to-date data
on the link between nutrition and fitness of wild hamsters in
the agroecosystems of Western Europe are severely lacking,
most current studies on this aspect involve hamsters living in
urban habitats [29-32]. The most recent data on the nutrition
of the species in agroecosystems date back to the 1970s—-1980s
[26,33] and revealed that hamsters mostly feed on cereal crops
(wheat, corn, rape), tubers and invertebrates. We therefore
designed this experimental study specifically to analyse the
impact of natural-based diets composed of cereals sup-
plemented with natural protein-rich items on the reproductive
investment and ultimately on the reproductive success of captive
female hamsters. This design is based on the study of Gorecki &
Grygielska [33], and on the postulate of Nechay [34] which states
that wild female hamsters do not emerge from their burrow
before their first gestation. They thus rely on the food they
hoarded the previous summer (mainly seeds) until gestation
occurs, then supplement their diet with fresh food items, includ-
ing plants available in spring, such as clover or invertebrates
such as earthworms during gestation and lactation.

Maize appears to be slightly energy richer than wheat but
contains marginally less proteins [35], whereas earthworms
are significantly richer in proteins than clover [35]. Conse-
quently, and given the importance of protein and energy
supplies during reproduction in vertebrates [36—41], we were
expecting to observe (i) slightly larger litters or larger pups at
parturition by females fed maize-based diets, (ii) slightly
higher growth rates of pups of females fed wheat-based diets
compared with maize-based diets, and (iii) a significantly
greater growth rate in pups of females fed with diets sup-
plemented with earthworms than those fed with diets
supplemented with clover. Following the results of a study
dating from 1945 [42] reporting that the vitamin B3 deficiency
(i.e. niacin or nicotinamide) in maize was responsible for
delayed growth in rats, we designed a second experiment in
which hamsters were fed on maize-earthworms diets, one of
which included a vitamin B3 supplement. Given the positive

effects of this vitamin on growth parameters in livestock and
rats, we were expecting (iv) a significantly greater growth
rate and body mass in pups at weaning in the group fed with
the vitamin B3-supplemented diet. By focusing on the direct
impact of crop-based diets on reproduction, rather than the
indirect impact of monoculture on mortality, we provide
new insights into the impact of food on the life-history traits
of farmland animals. This could thus help explain how the
expansion of intensive monoculture is affecting wildlife fitness
in agroecosystems.

2. Material and methods

(a) Animal care and breeding protocol

Hamsters were maintained in controlled environmental conditions
(temperature 20°C-23°C; 35-55% humidity; summer photo-
period, 16 L:8 D) and housed individually (W x H x D: 265 x
237 x 420 mm) until breeding (i.e. two weeks after the beginning
of the experiment). The first experiment lasted from April to July
2014 and used 29 one-year-old primiparous females born in 2013
in our captive breeding unit (CNRS, IPHC-DEPE, Strasbourg,
France). The second experiment lasted from April to July 2015
and used 14 one-year-old primiparous females from our captive
breeding unit. Prior to the experiments, the females in both exper-
iments were fed a conventional diet (pellets 105, from Safe, Augy,
France, composed of 19.3% protein, 54.9% carbohydrates, 5.1%
lipids, 4.2% cellulose, 5.0% minerals and 11.5% water). During
the experiments, they were bred with 1-year-old males from our
breeding unit (29 males in 2014 and 14 in 2015), which were fed
the conventional diet until being paired with the females. Breeding
pairs were placed in large cages (W x H x D: 380 x 257 x
590 mm) equipped with a shelter box (W x H x D: 140 x 230 x
230 mm) for two weeks.

(b) First experiment: effect of natural-based diet on the

maternal investment in reproduction

(i) Experimental protocol: diets and food intake

In the first experiment (2014), at emergence from hibernation,
the 29 females were fed ad libitum with either wheat (Triticum
spp.) or maize (Zea maize) grains and supplemented with either
clover (Trifolium pretense) or earthworms (Lumbricus terrestris)
after mating. Before parturition, the complement consisted of
5gfemale 'd ™! of either earthworm or clover. It was then
increased by 1 g young ' d ' between parturition and weaning
(30 days after parturition). This led to four different diets:
wheat-worm (WW, n =7), wheat-clover (WC, n =8), maize-
worm (MW, n=7) and maize-clover (MC, n =7). Water was
provided ad libitum throughout the experiment.

Females’ daily intake of maize and wheat grains was recorded
along with the total protein, lipid and energy content of each diet.
Grains were freeze-dried to constant mass and ground under
liquid nitrogen to obtain a homogeneous powder for analysis.
Just before analysis, the powder was lyophilized for 48 h to elimin-
ate any remaining traces of water. Nitrogen content was
determined in triplicate using 150-200 mg aliquots according to
the Kjeldahl method [43]. Protein content was calculated as nitrogen
content x 6.25 [44]. Lipid content was determined in duplicate
using 1g aliquots according to a procedure adapted from
the Folch method [45] with a chloroform/methanol (2/1, v/v)
solution as extraction solvents. Ash content was determined grav-
imetrically in duplicate from 1 to 2 g samples ignited in a muffle
furnace at 400°C for 24 h. Total body water was then calculated
by subtracting total dry body mass from fresh body mass. Finally,
energy content was determined on dry 0.7-1.4 g aliquots by using
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an isoperibol bomb calorimeter Parr 6200 with benzoic acid as
standard. The carbohydrate ration was equal to 100% of energy
value minus the lipid and protein percentages.

(ii) Litter size, reproductive success and body mass

Twice a day (at 08.00 and 19.00), we monitored the number of
females that initiated parturition. Females that did not give birth
or did not raise their litter were subjected to a second mating
event. Their body mass (4 0.01 g) was recorded 1 day before pair-
ing, 8 days after parturition and at the end of the experiment (i.e. 30
days after parturition if they initiated parturition and raised their
litter or 30 days after the second reproductive attempt if they did
not). These three periods are hereafter referred to as ‘before’,
‘middle’ and ‘end’ of the experiment. We monitored the size of
the litters every day to obtain the early survival rate of pups
(from birth to weaning). The body mass of the pups (+0.01 g)
was recorded at 8, 14 and 30 days of age.

(i) Oxytocin plasma levels of mothers

Blood sampling: approximately 200 pl of blood was sampled from
the sublingual vein under 2% isoflurane anaesthesia before pairing,
8 days after parturition and at weaning. Plasma levels of oxytocin
(i.e. an important maternal hormone [46,47]) were measured,
using commercially available ELISA kits (Enzo Life Sciences,
ADI-900-153A). This ELISA kit was formulated for the measure-
ment of rat plasma. All the assays were validated with serial
dilutions of hamster plasma showing linear changes in sample
values that were parallel with standard curves produced according
to the manufacturer’s standards. All measurements were made in
duplicate. The average intra-assay variation coefficient was 2.5%.

(c) Second experiment: effects of vitamin B3
supplement on maternal investment in reproduction

In the second experiment (2015), the 14 females were fed ad libitum
with maize at emergence from hibernation and supplemented
with earthworms after mating. Before parturition, the supplement
consisted of 5¢g of earthworm per female per day. It was then
increased by 1 g young ' d ! between parturition and weaning,

The vitamin B3 solution was prepared by dissolving 3 g of
nicotinamide powder (greater than or equal to 99.5% (HPLC),
72340 Sigma) in 11 of saline solution (NaCl, 9 g17%), leading to
a concentration of 3gl ', Earthworms were injected with
100 wl of vitamin B3 solution and immediately given to the
females (‘maize-worm-B3’" group, n = 7). The non-supplemented
females (‘maize-worm’ group, n=7) were given earthworms
injected with 100 wl of NaCl. Each female in the ‘maize-worm-
B3’ group was thus supplemented with 0.3 mg of vitamin B3
per day, meeting the estimated levels in the wheat-earthworm
diet from the first experiment. It was the increased by 0.05 mg
per pup at parturition and until weaning.

Twice a day, we checked parturition and litter size. Females
were weighed (+£0.01 g) 1 day prior to pairing and at the end of
the experiment (see §2b). Pups were weighed (4 0.01 g) at 8 and
30 days old.

(d) Data analyses

Data presented are means + s.e.m. Normality was tested, using a
Kolmogorov—-Smirnov test and variance homogeneity was
checked using a Levene test. We first looked at the effect of the
diet on the average number of pups per female at parturition and at
weaning, including females that did not give birth. This variable
was analysed using a GLM (probability distribution: Poisson,
link function: log) with diet as a fixed factor. Data concerning the
two reproductive attempts for each female were grouped in this
first analysis and tested separately for 2014 (four diets) and 2015

(two diets, one supplemented with vitamin B3). We performed a
Cox regression to check for an effect of the diet on the early survival
of the pups. The body mass of the pups was analysed, using linear
mixed models. The diet, the age, the sex of the pups and the inter-
actions between these variables were included as fixed factors, and
the litter size was included as a covariate in this LMM model. The
identity of the pups nested in the identity of the litter was included
as arandom factor for repeated measurements on the same individ-
uals and the same litter. Data on pups’ body mass collected in 2014
and 2015 were analysed separately. Regarding mothers, body mass
and plasma levels of oxytocin in 2014 were also analysed using an
LMM. The diet, the period and the diet x period interaction were
included as fixed factors, and the identity of the females as the
random factor for repeated measurements on the same individual
(for body mass analysis). Finally, the number of pups was included
as a covariate. Multiple comparisons were analysed via post hoc
least significant difference testing. Final model selection was
based on the best Akaike information criterion for small samples
value. Analyses were conducted using IBM SPSS software (IBM
SPSS Statistics for Winpows v. 21.0. Armonk, NY: IBM Corp.),
and the significance threshold was set at p < 0.05. Figures were
prepared, using GRAPHPAD Prism software (v. 5, La Jolla, CA, USA).

3. Results

(a) Macronutrient content of the diets, average number
of pups per female at parturition and early survival

of the pups
Females ingested on average 14.5 + 1.2and 15.8 + 4.8 gd ' of
grains in the maize- and wheat-based diets, respectively.
The whole 5g of supplements (both of earthworm and
clover) was entirely consumed each day. Both the earthworm
diets, and both the clover diets, had similar macronutrient
and energy contents (figure 1a), respectively. The wheat-
worm diet was composed of 42% proteins, 43% carbohydrates
and 15% lipids with a dry food energy content of 17.7kJ g~ *,
whereas the maize-worm diet was composed of 46% proteins,
40% carbohydrates and 14% lipids with a dry food energy con-
tent of 18.3 k] g~ '. The wheat-clover diet was composed of 19%
proteins, 69% carbohydrates and 12% lipids with a dry food
energy content of 16.5 k] g~ !, whereas the maize-clover diet
was composed of 17% proteins, 71% carbohydrates and 12%
lipids with a dry food energy content of 17.2 kJ g .

We found no effect of the diet on the average number of
pups per female at parturition (figure 1b; Wald x* = 2.60,
p = 0.46). However, we found a strong effect of the diet on
the early survival of the pups (Wald x*=43.77, p=17 x
10™?). Pups born to females fed the wheat-worm diet had a sur-
vival rate of about 80% at weaning, which was significantly
higher than pups born to females fed the other diets (survival
rate lower than 12%, figure 1c, p = 7.3 x 10~ ). We found an
effect of diet (F3p36=21.4, p=6.5 X 1077) and age (i.e. 8, 14
and 30 days, Fp499=135.11, p=72 x 1072Y) on the body
mass of the surviving pups, as well as an effect of the age x
diet interaction (electronic supplementary material, figure S1,
Feu74=132, p=1x 10™8). Post hoc analyses indicated that
at 8 days (electronic supplementary material, figure Sla), the
body mass of the pups born to females fed the wheat-based
diets was significantly higher than the body mass of the
pups born to females fed both maize-based diets (p < 0.009).
At 14 days (electronic supplementary material, figure S1b),
the pups born to females fed the wheat-worm diet weighed
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Figure 1. Gross energy and macronutrient content of the four diets, average number of pups per female at parturition and survival of the pups according to diet.
(a) Protein, lipid and carbohydrate contents are represented as a percentage (%) of the energy content (in j g~ ' of DM). (b) Average number of pups per female at
parturition (i.e. including females that did not gave birth) according to the diet and (c) early survival (%) of the pups (i.e. from birth to 30 days old = weaning)
according to the diet. Solid lines correspond to diets supplemented with earthworms and the dashed lines correspond to diets supplemented with clover. (b,c) W-W,
wheat-worm; W-C, wheat-clover, M-, maize-clover and M-W, maize-worm. The asterisk indicates a significant difference in survival between the wheat-worm and
the three other diets (p = 0.003). See methods section for details. (Online version in colour.)

significantly more than the pups born to females fed the three
other diets (p = 2.9 x 10~°), and the pups born to females fed
the wheat-clover diet weighed more than the pups born to
females fed the maize-worm diet (p = 0.037), but did not
significantly differ from the pups born to females fed the
maize-clover diet (p > 0.2).

(b) Maternal body mass and plasma levels of oxytocin
Concerning variations in body mass of the mothers during
reproduction, we found an effect of period (F,64 = 26.98, p =
3.2 x 107%), diet (F364 = 7.107, p = 3.4 x 10~ %) and the diet x
period interaction (Fge4 = 2.97, p = 0.013). Post hoc analyses
revealed that females fed the maize-worm diet lost signifi-
cantly less body mass than females fed the three other diets
(figure 2a, p < 0.001), whereas females fed the wheat-clover
diet lost more body mass than females fed the wheat- and
maize-worm diets (figure 2a, p < 0.03). We found no effect of
the reproductive attempt (first or second) on the body mass
of females (p > 0.1). We found no effects of the diet or of
the period on maternal plasma levels of oxytocin (p > 0.27).
However, we found an effect of the diet x period interaction
(Fs5,47=2.99, p =0.020) and post hoc analyses indicated that,
8 days post-parturition, females fed the wheat-worm and the
maize-worm diets had significantly higher oxytocin plasma
levels than females fed the wheat-clover diets (p = 0.014 and
p = 0.044, respectively), whereas females fed the maize-clover
diet were between the two (figure 2b).

(c) Average number of pups per female at weaning,
pups’ body mass and effects of the vitamin B3
supplement

In the first experiment (2014) and as a consequence of the differ-
ences in pups’ survival rates between the diets, the number of

pups at weaning was significantly higher in the wheat-worm
diet than in the three other diets (figure 31, 2014, Wald =
17.37, p < 0.001). The body mass of the pups at weaning was
also significantly higher in pups born to females fed the
wheat-worm diet than in pups born to females fed the three
other diets (figure 3b, 2014, F =15.16, p=2 x 107%). In the
second experiment (2015), the vitamin B3 supplement signifi-
cantly increased the average number of pups per female in
the group fed the maize-worm-B3 diet compared with the
group fed the maize-worm diet (figure 3a, 2015, Wald x* =
10.94, p <0.001). Vitamin B3 supplementation also signifi-
cantly affected pups body mass at weaning (F = 15.157, p <
0.001): pups in the group with the vitamin B3 supplement
were heavier than pups in the group with the maize-worm
diet (figure 3b, 2015, F = 10.795, p = 0.041).

4. Discussion

Contrary to our original expectations, maize caused repro-
ductive failure in captive European hamsters. Females were
not affected in their capacity to give birth, but in their ability
to wean their litters. Indeed, the pups’ survival was severely
reduced in both groups fed the maize-based diets, caused by
litter suppression the first day after parturition (in 95% of the
cases). In the group fed the wheat-based diets, significant
reductions in litter size were observed in the group fed the
wheat-clover diet but not in the group fed the wheat-worm
diet, where the survival rate of the pups at weaning was
80%. When comparing the wheat-worm and maize-worm
diets—similar in macronutrient and energy content—it
appeared that the litter suppressions observed in the maize-
worm diet could not be explained by looking at these factors.
In the second experiment, we demonstrated that adding a
vitamin B3 supplement restored reproductive success similar
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to that recorded for the group fed the wheat-worm diet in the
first experiment.

(a) Macronutrient and energy content of the diets and
maternal investment in reproduction

The two clover-supplemented diets had lower protein and
energy content than the two earthworm-supplemented
diets. Lack of proteins or energy could explain the low
survival rates of pups observed in the group fed the clover-
supplemented diets [36,37]. This hypothesis was supported
by the fact that the oxytocin plasma levels of females fed
the maize- and wheat-clover diets were lower at 8 days
post-parturition, which could explain the abandonment of
their litters [46,47]. Moreover, females fed on these two
diets also displayed the highest body mass loss throughout
reproduction. However, despite similar results in terms of
body mass loss and oxytocin plasma levels between females
of these two diets, we observed discrepancies in maternal
behaviours. Females fed the wheat-clover diet gave birth in
the nest and remained with their pups during the first
7 days. We then observed a gradual reduction in the litter,
to 3, 2 and then 1 or ultimately zero pups and the pups’

growth gradually decreased from 7 to 30 days. In contrast,
most of the mothers in the group fed the maize-clover diet
did not display maternal behaviour: they did not gave birth
in the nest (pups were spread out in the cage) and then
placed their pups on top of their hoard of maize grains
before eating them. This litter suppression always occurred
on the first day after parturition. Only one female weaned a
litter (in her second reproductive attempt), composed of
four pups. In this litter, two cases of siblicides were observed
at the age of 34 days (the two males cannibalized their female
siblings while they were still alive), echoing the dementia
found in humans fed on maize [48,49].

Regarding the maize-worm and wheat-worm diets, we
found they had very similar macronutrient and energy con-
tents. However, the pups’ survival rate and body mass
were respectively 75% and 45% lower in the group fed the
maize-worm diet compared with the group fed the wheat-
worm diet. The extremely low survival rate of the pups in
the group fed the maize-worm diet was associated with the
same ‘abnormal” behaviours of mothers as in the group fed
the maize-clover diet (see above). These observations suggest
a suppression of maternal behaviours and association of the
pups with food items. Only one female weaned a litter (of
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two pups) on the maize-worm diet (also during her second
reproductive attempt). However, females on the maize-
worm diet—which displayed suppression of maternal beha-
viours—lost significantly less body mass than females fed
the three other diets. Surprisingly, this lower investment in
reproduction was not associated with reduced oxytocin
plasma levels 8 days post-parturition in females fed the
maize-worm diet, as we might have expected, given the
high rate of infanticide [50]. This suggests that the modifi-
cations in maternal behaviour in maize-fed females are not
a consequence of reduced maternal hormones but rather of
a modification of the neural system, inducing dementia-like
behaviours like that recorded in humans feeding intensively
on maize [48].

(b) Vitamin B3/tryptophan deficiencies in maize,
related pathologies in animals, including humans
and effects of the supplementation

Maize is known to be lacking of several micronutrients: cal-
cium, tryptophan (trp), lysine, riboflavin and bioavailable
vitamin B3 (i.e. niacin, nicotinamide or vitamin PP) [51,52].
Most of these micronutrients were expected to be comple-
mented by clover or earthworms, which are rich in
minerals [35] but contain low levels of trp and vitamin B3
[35,53]. Daily supplementation with 0.3 mg of vitamin B3 in
females fed the maize-worm diet restored reproductive suc-
cess, with an 85% increase in the number of weaned pups
compared with the group fed the maize-worm diet. This
highlights the fundamental role of vitamin B3 in European
hamsters’” reproductive success.

Deficiencies in trp and vitamin B3 have been linked to
growth retardation in rats [42], the ‘black-tongue” syndrome
in dogs [54] and pellagra in humans (i.e. three-Ds disease:
diarrhoea, dementia and dermatitis) [48,49]. Trp is an essen-
tial amino acid, precursor of vitamin B3 (i.e. nicotinamide,
involved in the synthesis of NAD and NADP, crucial for
cell functioning [49]) and serotonin (involved in aggressive-
ness and depression [55]). The only way for animals to
access trp and vitamin B3 is through their diet, and while
trp levels in maize are particularly low [52], vitamin B3
is present in a tightly bound form, not bioavailable for ani-
mals [52]. Tryptophan metabolism in vivo is extremely
complex [49,55] and therefore, the detrimental effects of a
predominance of maize in the diet are extremely difficult to
counteract with other food items [55]. This is why improperly
cooked [56,57] maize-based diets have been associated
with higher rates of homicide, suicide and cannibalism in
humans [55,58] and have caused pellagra [48,49], which deci-
mated three million people in North America and Europe
from 1735 to 1940. The high propensity of maize in our
experimental diets caused ‘abnormal’ maternal behaviour
(pups stored with maize stores), infanticide and siblicide
associated with diarrhoea and skin/fur problems in pups;
these symptoms resemble those found in humans affected
by pellagra [48] (see electronic supplementary material,
table S1 for details and frequencies of the observed symp-
toms in our experiment). Although there is a vast—though
ancient—literature on the effects of maize on human, live-
stock or rats [42,55,56,59-62], this is the first study
revealing such a strong negative effect (i.e. 95% reduction
in reproductive success) of maize-based diets and vitamin

B3 deficiency on such an important fitness-related life-history
trait as reproduction.

(c) Maize, vitamin deficiencies and farmland wildlife
Only a few studies have investigated how maize monoculture
could influence the diet of wildlife or how vitamin deficiencies
could harm farmland animals [9,20,63]. Black bears living in
agricultural landscapes consume corn (i.e. maize), sunflower
and oats but females with cubs appear to exhibit a risk-
aversion towards these crops and rather feed on other
food items during reproductive periods [20]. Regarding invert-
ebrates, wild bees are known to be threatened by monotonous
diets imposed by mass-flowering crops [16] and some species
rely intensively on maize pollen [64]. Given that proper trp
and vitamin B3 dietary intakes appear to be crucial for bees
[65,66] and that both pollen quality and diversity influence
their longevity, physiology and resistance/tolerance to disease
[16], we argue that maize monoculture is probably strongly
impairing the fitness of these endangered pollinators because
of nutritional deficiencies. However, data are still lacking and
experimental studies are needed to confirm this hypothesis.
Finally, regarding the European hamster, given that wild
populations of this species are surrounded by 55-80% of inten-
sively managed maize monoculture in Alsace (France), with
sized field of 1.4 ha that corresponds to seven times the home
range of a female, extremely low crop rotations (i.e. sometimes
more than seven successive years of maize cultivated in the
same plot) and high use of herbicides—dramatically reduc-
ing the proportion of adventive species—wild hamsters are
undoubtedly constrained in their diet. Indeed, a hamster
would need to ingest 22-45 g of weeds to obtain 0.3 mg of
vitamin B3 per day (see electronic supplementary material,
table S2 for details of the calculation). These numbers equal
or surpass the daily food intake of female hamsters, which
was of 14 + 5 grs d ! in our experiment.

In a previous study [24], we revealed the detrimental effects
of the intensification of maize monoculture on the body mass
of wild hamsters in France, which has decreased by 21%
since 1937. We reported that years with high maize production
and high acreage allocated to this cereal led to lower hamsters’
body mass upon emergence from hibernation. We were not
able to conclude on whether this negative effect was caused
by monoculture (i.e. a lack of food diversity/availability or a
particular microclimate) or by maize itself (i.e. its composition),
but we hypothesized that maize was not an adequate food
resource for this species. In this study, we found that maize is
nutritionally inadequate for this species during reproduction.
However, regarding the maize-worm diet, the slight differ-
ences in pups’ body mass and reproductive success between
2014 and 2015 is explained by two females having success-
fully raised a litter of four and six pups, respectively, in 2015.
This is likely revealing an interindividual difference of sensi-
tivity and symptom expression to the trp and vitamin B3
deficiencies, previously recorded in humans [58,61], and
potentially reflecting differences of individual quality [67].

Taken together, our results therefore strongly suggest that
an over-abundance of maize in the diet of the European
hamster could be particularly detrimental for reproduction in
the wild and support the hypothesis of a decline in the repro-
ductive success of wild hamsters in France [68]. The average
number of pups per female (2.4 + 1.2 pups per litter) and
number of litters per female (0.93 litter female ') in our
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experiment echoes data recorded in the wild in France in 2014
(2.5 £ 1.4 pups per litter and 0.76 litter female ™! [69]). Know-
ing that we observed a 94% decrease in French populations
of the species in recent decades [70], it is now crucial to deter-
mine how the fitness of wild hamsters could be affected by
maize monoculture, and whether it is possible to improve
their reproductive success through better management of
agriculture and the inclusion of feeding patches.

5. Conclusion

Here we demonstrated that—independently of macronutrient
and energy content—a vitamin B3 deficiency in maize grains
is responsible for reproductive failure and abnormal maternal
behaviour in captive-fed European hamsters. More eco-
physiological studies are needed to better understand how
monoculture can influence the fitness of farmland species by
modifying their diet, and particularly how vitamin deficiencies
can affect the reproduction, longevity, and hence the evolution
of farmland wildlife. However, given the intensification
of maize monoculture across the globe—associated with a
reduction in both the diversity and the abundance of other
plants, soil fauna and microbial communities—we argue that
an over-abundance of maize compared with other food items
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Age-class

Symptoms

Details

Frequency

Adults
(mothers,
N=14)

Hyperactivity

Females were runningin circle in
the cage, climbing and pounding
their feeders when we entered in
the room.

100%

Infanticide

Females stored their pups with
their hoards of maize before
eating them. Pups were still alive
at that time.

95%

*black tongue’

We noticed that females had
swollen and dark tongue when
we carried out the blood
sampling; their blood was thick
and difficult to sample.

70%

Pups
(surviving
pups, N=6)

Diarhea

100%

Growth retards

See results section of the
manuscript

50%

Skin and fur problems

Pups displayed hairs deficiency
and rash problems (looking like
eczema), mostly on the back,
until the age of 20 days. The
hairs then started to grow, but at
weaning they still displayed
lower density of hairs than pups
supplemented with the vitamin
B3 (see Figure S2).

50%

Cannibalism

Two male pups cannibalized
their female siblings while steel
alive.

30%

Dental growth problem

One female pups had extreamly
long and twisted teeth.

16,6% (1 of 6)

Table Si1: symptoms observed in mothers and pups of the maize-based diets. Data are

represented for the first experiment (2014) only and include individuals from both the maize-

clover and maize-worm diets.



Maize-Worm-B3

Figure S2: Ventral fur of two pups at weaning (i.e. 30 days), from the maize-worm diet and

from the maize-worm-B3 diet.



Plant species

Amount of free
vitamin B3 (mg/g of

Quantity (g) to ingest
for a 0.3 mg vitamin

plant DM) B3 daily intake
Dandelion (1) 0.4mg/559g 41,25
Poppy (2) 0.1mg/9g 22,5
Pigweed (2) 6.72/1004 44,78

Table S2: Weeds commonly found in maize fields (3), amount of free vitamin B3 they
contain and dry mass of these plants for hamster to ingest to reach a 0.3 mg vitamin B3
daily intake. The calculation has been done using literature and internet sources ([1-3], see

below).
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Abstract

Intensive cereal monoculture is currently the main cause of biodiversity decline in Europe. However, it is
difficult to disentangle the effects of intensive monoculture (e.g. pesticides use, mechanical ploughing and
reduced protective cover), let alone evaluate how far the reduction of crop diversity affects biodiversity.
Therefore, it remains unclear to which extent farmland biodiversity, and especially vertebrates, are affected
by a reduction of their food resources. We therefore designed this study in semi-wild enclosures to
investigate the effects of organic monoculture crops (wheat or corn) and mixed organic crops (a
combination of wheat, corn, sunflower and alfalfa) on (1) adventive plant and invertebrate species richness
and (2) on the reproductive success of the European hamster (Cricetus cricetus), a critically endangered
umbrella species of European farmlands. We found that plant and invertebrate species richness were
respectively 38% and 28% lower in monoculture compared to mixed crop enclosures. In addition, hamsters’
effective reproductive success was reduced by 82% in monoculture enclosures. These results highlight that
even before taking the use of pesticide and mechanization into account, monoculture per se can be
detrimental for biodiversity. Furthermore, this study pinpoints how it strongly reduces the fitness of a
critically endangered farmland rodent. We believe that future research should promote the integration of
how food reduction in agroecosystems affect farmland wildlife. Moreover, given the conservation status of
the European hamster, and indeed the majority of farmland animals in Europe, we argue that conservation

plans must focus on restoring plant and invertebrate diversity on farmland.

Keywords: biodiversity, nutritional deficiencies, reproduction, agriculture, conservation
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Introduction

Agriculture intensification has been synonymous to a rise in the use of fertilizers, pesticides,
irrigation and deep ploughing (Foley et al., 2005; Wilson, Whittingham, & Bradbury, 2005) and has
also entailed the generalization of intensive monoculture, leading to extended areas of
homogenized and simplified agro-ecosystems dominated by one or two crops (Benton, Vickery, &
Wilson, 2003; Goulson, Nicholls, Botias, & Rotheray, 2015; Wilson et al., 2005). The detrimental
effects of agricultural intensification on the collapse of bird and pollinator populations have been
well documented (Bjorklund, Limburg, & Rydberg, 1999; Rands & Sotherton, 1986; Rioux Paquette,
Pelletier, Garant, & Belisle, 2014), and many studies have revealed the negative effects of
pesticides, fertilizers or mechanical ploughing on the decrease in adventive species, soil fauna and
microbial communities (Altieri, 1999; Bjorklund et al., 1999; Changguo, Pingjiu, Genxing, Duosheng,
& Qiuhua, 2006; Tsiafouli et al., 2015). However, given the difficulty involved in disentangling the
effects of low crop diversity from the direct and indirect effects of pesticide use and agricultural
ploughing on adventive plants and wildlife (Benton et al., 2003), data describing the effects of
monoculture crops per se (i.e. the decrease in crop diversity) on vertebrate species are still scarce.
An increasing number of studies show that invertebrate species, such as pollinators, are strongly
affected by a lack of food in crop monocultures (Dance, Botias, & Goulson, 2017; Goulson et al.,
2015; Wood, Holland, & Goulson, 2016). Nonetheless, it remains unclear how far decreased crop
diversity per se — without considering the effects of fertilizer, pesticides or ploughing — could impair
the fitness of wildlife and especially vertebrates living in agro-ecosystems. In this study, we
investigate the effects of wheat and corn monoculture crops on the fitness of the European
hamster (Cricetus cricetus), a critically endangered species throughout the continent (O’Brien,
2015; Weinhold, 2008). We also investigate how these monoculture crops affect adventive plant
and invertebrate species richness that are part of hamsters’ diet. Although several causes have
been suggested (Monecke, 2013; Surov, Banaszek, Bogomolov, Feoktistova, & Monecke, 2016),
intensive agriculture is considered to be the main reason for the decline of this omnivorous
farmland rodent (M. J. J. La Haye, Swinnen, Kuiters, Leirs, & Siepel, 2014; M. La Haye, Miskens,
Van Kats, Kuiters, & Siepel, 2010; O’Brien, 2015; Tissier et al., 2016; Villemey, Besnard, Grandadam,
& Eidenschenck, 2013; Weinhold, 2008). First, intensive crop monoculture lead to increased

predation pressure caused by a reduction of the protective cover (Villemey et al., 2013; Weinhold,
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2008). Secondly, the intensification of Corn monoculture has negatively affected wild hamsters
body mass during the last century in France, therefore likely impairing reproduction (Tissier et al.,
2016). Finally, Corn-based diets have been shown to strongly reduce hamsters reproductive
success under captive conditions, because of a major deficiency in vitamin B3 (Tissier, Handrich,
Dallongeville, Robin, & Habold, 2017). Seeking to understand how crop monoculture affects
hamsters fitness from a nutritionally perspectives, and whether hamsters were able to compensate
for the vitamin B3 deficiency under more natural conditions, we designed this study in outside
enclosures. The effects of organic monoculture crops (enclosures seeded with either wheat or
Corn) were compared with those of mixed organic crops (enclosures seeded with four crops each).
This design allowed us to exclude confounding effects such as agricultural ploughing, the use of
pesticides and fertilizer or the increased predation rates generally associated with intensive
monoculture (Fargione et al., 2009; Foley et al., 2005; Wilson et al., 2005). In view of the absence
of herbicide use and the short timeline of this experiment (4 months) in comparison to the time
generally required to observe an effect of sowing diversity on the unsown plant species richness in
previous studies (Van der Putten et al., 2000), we expected to observe a similar adventive plant
species richness in mixed- and monoculture crop enclosures. As the number of crops sown is
positively related to invertebrate richness (Asteraki, Hart, Ings, & Manley, 2004), we also expected
to find a higher invertebrate species richness in mixed enclosures than in those containing one
crop variety. Then, we expected the higher food diversity in mixed crop enclosures to result in
better reproductive success than in monoculture enclosures. Finally, based on the results of a
previous study in captive conditions (Tissier et al., 2017), we were expecting that hamsters would
not be able to compensate for the nutritional deficiencies of Corn by ingesting sufficient amount
of invertebrates and adventive plants. Indeed, they would need to ingest 22-45 g of weeds (which
is superior to the daily food intake of this species) to meet their daily requirement in vitamin B3

(Tissier et al., 2017) and compensate for the deficiency caused by Corn consumption.
Material and methods

1. Study site, animals and husbandry conditions
This study was carried out from April to August 2015 (Fig. 1A) in outdoor enclosures located in the

moat of a Fort (see Fig. 1B). Loess soil was brought from outside the Fort to allow hamsters to dig
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a burrow and to mimic the type of soil usually found in its natural habitat (Pietsch, Kiihn, Lisitsyn,
Markova, & Sinitsyn, 2014). Each enclosure had a surface area of 16m? and was closed by a fence
(beginning 1.5m underground and reaching 1 meter above ground level). A 30 cm-high galvanized
steel plate was added to the top of the fence to prevent hamsters from climbing over the top. The
60 enclosures used in this experiment were divided into 3 groups (hereafter referred as ‘crop
type’): wheat (W; N=20), Corn (C; N=20), and mixed crop (MX; N=20; see Fig. 1B). To limit edge
effects and to avoid that monoculture enclosures would benefit from the adjacent proximity of
mixed enclosures (e.g. by increasing invertebrate diversity owing to a more diverse sowing), the 20
enclosures of each crop type were adjacent (see Fig. 1B) and monoculture crop enclosures were
separated from mixed crop enclosures by an uncultivated enclosure (Fig. 1B, numbers 34 and 55).
Given that Corn-based diets were found to profoundly affect hamsters’ reproduction in captive
conditions (Tissier et al., 2017) and that the detrimental effects of a predominance of Corn in the
diet are extremely difficult to counteract with other food items (Ernandes, Guardia, & Giammanco,
1996), the MX enclosures were seeded with four crops (wheat, Corn, sunflower and alfalfa) to
prevent the apparition of the deficiency and to give hamsters the opportunity to select their food
items according to their physiological needs. Wheat (Triticum sp.) and Corn (Zea mays) were sown
in February and April 2015, respectively. A quarter of each MX enclosure was seeded with wheat
in February 2015 and the remaining plots of each MX enclosure were sown with Corn, alfalfa
(Medicago sativa) and sunflower (Helianthus annuus) in April 2015 (see Fig. 1A for the experiment
timeline). Weeds were removed from each enclosure by hand before sowing. We used organic

seeds and no chemical treatment was applied in any of the three crop types. The enclosures were

92



107  all covered by a net (10x10 cm mesh, 2.5m above the enclosures) in order to protect the hamsters

108  from predators.

A
Feb. 2015 5™ April 15" April 29 April- 5" June- 30" June - 23 August
' : 2015 2015 5t May 13t June 9th July 2015
o Maize, sunf. 1o ster  1s1flora  Invertebrate 21 flora End of the
Wheat sowing & alfalfa release samplin samplin, samplin; experiment
sowing pling pling pling p
B

B Camera
] Wheat
B Mixed
B Maize

El Double enclosures
— Walls
BPx Breeding pair number

jeOW UJ3YIION

45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 7273 74 75

1415 16 17 18 18 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
Eastern moat

109  Fig. 1: Experiment timeline (A) and layout of the enclosures (B). In (A), the hatched part of the
110 timeline indicates the period during which hamsters were monitored. In (B), the enclosures are
111 schematized according to their position in the moats and to their crop type: Corn (left, yellow),
112  mixed (middle, blue) and wheat (right, green). The 20 adjacent Corn enclosures were located in
113  the eastern moat and the 20 adjacent wheat enclosures in the northern moat. Ten of the mixed
114  crop enclosures were localized in the eastern moat and the remaining ten were in the northern

115  moat, which allowed to investigate for a moat effect. Solid lines indicate the fence between
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different enclosures. Dashed lines show the passage created in July between two adjacent

enclosures (see text below for further details).

The experiment was carried out on 36 one-year-old captive-born hamsters (18 males and 18
females). Hamsters were grouped in breeding pairs (6 breeding pairs per crop type) and each pair
was housed in two juxtaposing enclosures (the second remaining inaccessible until July in order to
allow the cover to grow). As hamsters are food-hoarding animals (Wall, 1990), we provided each
group with supplements of either wheat grain (in W enclosures), corn kernels (in C enclosures) or
a mix of sunflower seeds, corn kernels and wheat grains (in MX enclosures) to mimic the hoards
they would have made during the previous autumn in the same conditions. Indeed, food-hoarding
animals are known to hoard large amounts of seeds in autumn for their nutritional requirements
during their winter arousal from torpor and during reproduction (Humphries, Thomas, & Kramer,

2003; Munro, Thomas, & Humphries, 2008; Nechay, Hamar, & Grulich, 1977; Wall, 1990).

2. Adventive plant sampling
Adventive plants were sampled twice in all the enclosures, with sampling of the entire enclosure
surface: once between April 29" and May 5% and a second time between June 30" and July 9t
2015. Every recorded specie s was numbered, pictured and identified to the species (or the genus
when species identification was impossible). This provided details of the adventive plant species
richness (number of species = Npjant) in each enclosure for the two sampling periods, depending on

the presence/absence of hamsters in the enclosure.

3. Invertebrate sampling
The soil-surface active invertebrates were sampled using pitfall traps (Ward, New, & Yen, 2001).
These traps consisted of small containers (@5cm and 8cm deep) placed in the ground with the
opening placed at the surface (Baker & Dunning, 1975). They were filled with 2cm of liquid (salt,
dishwashing liquid, 70° alcohol and water) designed to kill and conserve the invertebrates falling
into the trap (adapted from (Baker & Dunning, 1975)). Pitfall traps were placed in each enclosure
for a 13-day period (5% - 17" June 2015). When collected, invertebrates were transferred to a 70°
alcohol solution to guarantee tissue conservation until identification. We recorded only mesofauna

and macrofauna (i.e. 24 mm) species. This provided the aboveground invertebrate species richness
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(number of species = Ninvertebrates) and the invertebrate abundance (total number of invertebrate

individuals in the enclosure = Ninvertebrates) for each enclosure.

4. Hamster survival and reproductive success
The reproductive success of each hamster was estimated using network cameras (permanent
recording; ref. DS-2CD3226F-I, HikVision, China) overlooking the enclosures (see Fig. 1 for the
position of the cameras), camera traps (placed at the burrow entrance) and trapping. If pups were
observed on video camera or camera trap pictures, 3-5 traps were placed in the enclosure
immediately after they started to explore the outside of the burrow. Once trapped, the pups were
weighed and tagged (with 1.4 x 8mm RFID chips, Biolog-ID, France) and their sex was determined.

We were thus able to estimate the total number of pups produced per enclosure/breeding pair.

5. Data analyses

Data presented are means + SEM. Normality of the residuals was tested using a Kolmogorov-
Smirnov test, and variance homogeneity was checked using a Levene test. The effect of the crop
type on the (i) Ninvertebrates and (ii) Ninvertebrates Was analysed using linear models (LM) with the crop
type (‘Crop’: Corn, Mixed or Wheat), the presence of hamsters in the enclosure (‘Hamster’, binary:
Yes or No) and the Crop*Hamster interaction as fixed factors. Npant and Ninvertebrates Were
respectively included as covariates in the analysis of (i) Ninvertebrates and (ii) Ninvertebrates. The effect of
the crop type on (iii) Npantwas analysed using a linear mixed model (LMM) with the crop type (‘Crop’
variable), the presence of hamsters in the enclosure (‘Hamster’ variable), the sampling period
(‘Sampling’ variable: first or second) and the following interactions as fixed factors: Crop*Hamster
and Crop*Sampling. In all the models, (1) the enclosure number was included as a random factor
for repeated measures on the same enclosure and (2) the moat (Northern or Eastern) was included
to correct for a moat effect. Finally, we looked at the effects of the crop type on the number of
pups produced per breeding pair using a generalized linear model (GLM, Probability distribution:
Poisson, Link function: Log), with the crop type as fixed factor.

Model selection was based on the best AlCc (Akaike information criterion for small samples) value
for the LM and LMM models. Analyses were conducted using IBM SPSS software (IBM SPSS
Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp), and the significance threshold was

set at p<0.05. Fig.s were prepared using GraphPad prism software (Version 5, La Jolla, USA).
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Results
a) Adventive plant species richness (Npiant)

A total of 76 adventive plants were recorded: 53 plants were identified as species, 10 were linked
to a genus and 13 plants were only identified as belonging to a family (recorded as “Indeterminate
number 1 to 13”; five of these thirteen species were unidentified thistles). We found no effects of
the moat, the sampling or the hamster presence on this variable (p>0.1; see Tab. S1). Adventive
plant species richness was significantly affected by the presence of hamsters (F1716 = 94.14,
p<0.001), the crop type (F2s3s = 10.18, p<0.001) and the three following interactions:
Hamster*Crop (F2,702 = 3.21, p = 0.046), Hamster*Sampling (F1,60=78.27, p<0.001) and
Crop*Sampling (F2,53 = 3.37, p = 0.042). Post-hoc analyses highlighted that in the first sampling
period, regardless of whether the hamsters were present or not (Hamster*Crop interaction, Fz,53
=1.002, p=0.37), MX enclosures exhibited a higher plant species richness than C enclosures (Mean
difference = 5.0+1.4, p = 0.001), with W enclosures being intermediate (Fig. 2A; mean difference
with MX = 1.3+1.3, p = 0.317 and mean difference with C = 3.6+1.9, p = 0.056). In the second
sampling period (Fig. 2B), post-hoc analyses highlighted that when no hamsters were present, Npjant
was higher in the MX enclosures (24.0+1.1 per enclosure) compared to the C or W enclosures (Fig.
2B, No hamster; C = 16.4+1.5, W = 16.7+1.6 and p=0.012 and p=0.022, respectively). However, no
differences were found between the crop type when hamsters were in the enclosures (Fig. 2B,

Hamster, MX = 6.2+1.6, C=5.1+1.8 and W =5.3%2.1, p>0.1).
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Fig. 2: Adventive plant species richness (Npiant per enclosure of 16m?) according to the crop type and
the sampling period. (A) The first sampling period according to the crop type and (B) the second
sampling period according to the crop type and the presence or absence of hamsters in the
enclosure. C=Corn, MX = Mixed crop (Corn, Wheat, Sunflower and Alfalfa) and W=Wheat. Different
letters indicate significant differences between the groups (p<0.001); NS represents non-

significant differences between the groups (p>0.05).

Invertebrate species richness (Ninvertebrates) and abundance (Ninvertebrates)

Regarding the soil-surface active invertebrates (Ninvertebrates), We recorded a total of 69 invertebrate
species, most of which were insects (see Tab. S2). Concerning the crop-type effect on Ninvertebrates
(Fig. 3A), the best model (with the lowest AlCc) was the reduced model (Tab. S3) that included crop
type, hamster presence and the Crop*Hamster interaction. We found an effect of crop type (F2,47
= 3.4, p=0.041) and the Crop*Hamster interaction (F247=5.4, p = 0.008) on Ninvertebrates. POSt-hoc
analyses indicated that in the absence of hamsters, Ninvertebrates Was greater in MX enclosures than
in Cand W enclosures, and C enclosures exhibited higher Ninvertebrates Values than W enclosures (Fig.

3A, No hamsters; mean Ninvertebrates: MX = 12.940.6, C = 10.620.6 and W = 7.940.8 species, p <
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0.013). However, no effect of the crop type was seen when hamsters were present in the enclosure
(Fig. 3A, Hamster, mean Ninvertebrates: MIX =9.641.0, C=9.5+0.9 and W = 10.2+0.9; p>0.8). Regarding
the invertebrate abundance (Ninvertebrates), We also found an effect of the crop type (Fz46 = 4.82,
p=0.013; see model in Tab. S4) with MX enclosures exhibiting significantly higher Ninvertebrates values
than C and W enclosures (Fig. 3B, means: MX = 35.843.3, C = 22.2+3.0, W = 24.2+3.4; p = 0.005
and p = 0.023, respectively). However, Ninvertebrates Was not found to be affected by hamster
presence, Ninvertebrates OF the Crop*Hamester interaction (Tab. S4, p>0.11).

Fig. 3: Invertebrate (A) species richness and (B) abundance according to the crop type. Data
represent the average number (Mean+SEM) recorded per enclosure of 16m?. C=Corn, MX=Mix
(Corn, Wheat, Sunflower and Alfalfa) and W=Wheat. Different letters indicate significant
differences between the groups (p<0.03); NS represents non-significant differences between the

groups (p>0.05).

b) Hamster reproductive success

From the 23" of August, some individuals from the C and W enclosures (mostly males) started to

A B
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disperse and were recaptured in MX enclosures; they had escaped from their own enclosures by
destroying the fence and then colonized the MX enclosures. This led to the dispersion of individuals
from the mixed enclosures to C enclosures. Consequently, the experiment was stopped at this

point and subsequent data (after August 23) are not included in the results. Reproduction occurred
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in all three crop types. The number of pups produced per breeding pair (Wald x? = 15.7, p<0.001)
was found to be affected by the crop type, with significantly more pups produced in the MX
enclosures (3.3+0.8 pups per breeding pair on average) than in the other crop types (Fig. 4; with
on average 0.5+0.3 and 0.7+0.3 pups per breeding pair in C and W enclosures, p = 0.002 and p =
0.003, respectively). Twenty pups were born in MX enclosures compared to three and four pups in
C and W enclosures, respectively (Tab. S5). Informative data on the survival of adults in each crop

type group (before August 23) is also shown in Tab. S5.
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Fig. 4: Total number of pups per breeding pair according to the crop type. C=Corn, MX=Mixed crop
(Corn, Wheat, Sunflower and Alfalfa) and W=Wheat. Different letters (a;b) indicate significant

differences between the groups (p<0.003).

Discussion

Although we were expecting the short timeline of the experiment to result in similar adventive
plant species richness for mixed and monoculture enclosures, our results actually reveal that the
crop type affected the adventive plant species richness, even within this short time-lapse.
Regarding our other hypotheses, monoculture crops were confirmed to negatively affect

invertebrate species richness and the reproductive success of hamsters.

Effects of crop diversity on adventive plant species richness (Nplant)
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Monoculture enclosures exhibited significantly lower adventive plant species richness (Nplant) than
mixed crop enclosures when no hamsters were present in the enclosure. The low Npiant recorded
in Corn enclosures during the first sampling period (April 29t"-May 5™) could be partially explained
by the manual weed removal carried out before sowing Corn at the beginning of April. This
situation is representative of what hamsters face in the wild when they emerge in a field of Corn
after hibernation (O’Brien, 2015). However, the higher Npiant recorded in mixed crop enclosures
compared to both wheat and Corn enclosures in the second sampling period (June 30™-July 9t
when no hamsters were present) appeared to be entirely explained by the difference in crop type.
The higher crop diversity in mixed enclosures therefore seems to have led to the settlement of a
higher diversity of adventive plants within a short time-lapse (i.e. 2-3 months). The effects of
sowing diversity on plant species richness appear to be complex (Finn et al., 2013). Indeed, some
results reveal that sowing a highly diverse mix (more than 5 species) is more likely to suppress
weeds than a low-diversity mix (5 species) (Van der Putten et al., 2000). In contrast, another study
showed that simple mix sowing (3 species) resulted in lower plant species richness than complex
mix sowing (Asteraki et al., 2004). It is now well established that several parameters might
influence the richness of unsown species by modulating the dynamics of the seed bank, influencing
interspecific interactions or affecting niche complementarity. These factors include soil type and
moisture, the diversity, density and species composition of the seeds, and the presence of copses
or field boundaries nearby (Altieri, 1999; Asteraki et al., 2004; Finn et al., 2013; Nyfeler et al., 2009;
Van der Putten et al., 2000). Consequently, the mixed crop type of our experiment (with the four
following crops: alfalfa, Corn, wheat and sunflower) could have favored the germination of a
greater variety of seeds, for example through the modification of plant density, microclimate or

nutrient inputs.

Effects of crop diversity on invertebrate species richness (Ninvertebrates) and abundance (Ninvertebrates)

When hamsters were not present, monoculture enclosures exhibited significantly lower
invertebrate species richness (Ninvertebrates) and lower invertebrate abundance (Ninvertebrates)
compared to mixed crop enclosures. These results suggest a higher attractiveness of MX
enclosures for invertebrates compared to C and W enclosures. Given that plant species richness

and diversity are known to be positively related to the diversity and abundance of invertebrates
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(Asteraki et al., 2004; Webb, Clarke, Nicholas, Journal, & Jan, 1984), this could be explained by the

higher plant species richness in MX enclosures compared to that of monoculture enclosures.

Crop type, food consumption and reproductive success of hamsters

The crop type effect was buffered by hamsters’ presence (all enclosures exhibited a low Npjant). This
strongly suggest that hamsters in mixed enclosures benefitted from a food supply composed of
numerous adventive plant species. In C enclosures, hamsters consumed the majority of the Corn
grains sown before they had germinated, whilst in W enclosures, they consumed the sprouted
grains of wheat after having uprooted the seedling. These phenomena were not observed in mixed
enclosures, where hamsters ate all the green parts of sunflower and alfalfa plants but did not
consume the wheat or corn, which were left untouched until the summer. The flowers of the corn
plants were eaten in July (in both C and MX enclosures) whilst hamsters ‘harvested’ ears of wheat
when they reached the milk stage (at the end of June, in both MX and W enclosures). All the ears
of wheat had been collected in all these enclosures within approximately one week. When looking
at all the enclosures, we observed that hamsters rarely consumed the green parts (leaves and
stem) of certain plants, which systematically remained in the enclosures. These were mainly sown
wheat and corn and unsown Poaceae, i.e. bluegrass (Poa annua, Poa trivialis and Poa nemoralis),
the nettle (Urtica dioica) and the hemp-nettle (Galeopsis tetrahit). The crop type effect on
Ninvertebrates Was also buffered when hamsters were present in the enclosure. This could either
suggest that the diet of the hamsters was improved by a higher invertebrate species richness or
that the effects of hamsters on the vegetation buffered the effects of the crop type on the diversity
of invertebrate species.

However, the results generally show that hamsters suffered from eating a less diverse diet (i.e. a
more limited variety of sown and unsown plants, less diversity of supplemented seeds and
potentially lower richness and abundance of invertebrates) in the monoculture compared to the
MX enclosures. Given the importance of food diversity to meet protein and energy requirements
for reproduction in small mammals (Schneider, 2004; Speakman, 2008; Wade & Schneider, 1992),
this could explain the differences observed in terms of reproductive success between MX and
monoculture enclosures. Indeed, it appears that hamsters were not able to compensate for a low

crop diversity in monoculture enclosures by consuming other food items such as invertebrates or
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weeds, both of which were also impaired by the monoculture crop, leading to a low effective
reproductive success (number of pups emerging from the burrow) in these enclosures. Taken
altogether, these results highlight how low crop diversity can impair the fitness of this vertebrate

species, even before considering the impact of pesticides, ploughing and predation pressures.

Consequences for hamsters and farmland biodiversity as a whole

The strong effects of organic crop monoculture on biodiversity shown in this study highlight that
monoculture itself —apart from other detrimental effects associated to this agricultural practice —
has a negative effect on biodiversity. The intensive use of pesticides in conventional farming is
known to drastically decrease the diversity of adventive plants and invertebrates (Altieri, 1999;
Labruyere, Ricci, Lubac, & Petit, 2016; Rands & Sotherton, 1986) and is highly likely to cause
nutritional deficiencies in the hamster and other farmland vertebrates with small home ranges,
thus affecting their reproduction. This is supported by previous studies highlighting how the
reduction of food diversity in intensively managed farming regimes impairs the fitness of seed-
eating birds when compared to mixed crop farming (Evans, 1997; Vickery et al., 2001; Wilson,
Morris, Arroyo, Clark, & Bradbury, 1999; Wilson et al., 2005). It appears that bees are also suffering
from a lack of food diversity, mainly because of the increasing lack of flowers in farmlands
(Decourtye, Mader, & Desneux, 2010; Goulson et al., 2015; Vanderplanck et al., 2014).

It is very likely that hamsters living in monoculture crop fields increase their rate of dispersion to
find adequate food resources, and this hypothesis is supported by our observations of hamsters
dispersing from monoculture to MX enclosures in late August. However, in Europe, the average
field size corresponds to the home range of a male and is seven times the size of the home range
for a female (O’Brien, 2015; Ulbrich & Kayser, 2004). Individuals have to disperse over a great
distance to find proper food resources - from 350m to 1km, which is incompatible with the ecology
of this species (Ulbrich & Kayser, 2004) - consequently increasing their risk of predation. Predation
appears to be one of the main cause of decline of the species across Europe (Kayser, Weinhold, &
Stubbe, 2003; Ulbrich & Kayser, 2004). Reproduction also appears to have decreased over the past
century (Surov et al., 2016). For instance, the number of litters recorded to be of 2-3 litters in older
literature (Nechay et al., 1977), is currently estimated to be lower than 2 litters/female/year in

European farmlands (Surov et al., 2016) and to be as low as 0.76 litter/female/year in France
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(Kourkgy & Eidenschenck, 2015). We therefore argue that it is of the upmost importance to
increase crop diversity at the plot level through mixed crop farming or wildflower margins, to
improve food diversity and thus increase the reproductive success of this species. This is supported
by a recent study in Germany which highlights that wildflower fields are ideal habitats for hamsters
(Fischer & Wagner, 2016). This policy would also offer farmland vertebrates shelters to protect
from predators and should thus reduce mortality by predation (Whittingham & Evans, 2004;
Wilson et al., 2005). From an agronomical perspective, the sowing of mixed crops appears to
maintain a resistance to weed invasion (Finn et al.,, 2013) while sustaining yields under the
appropriated N fertilization and sowing composition (Finn et al., 2013; Nyfeler et al., 2009). Sowing
an appropriate variety of seeds in agro-ecosystems could thus allow a reduction in the use of
herbicides whilst favoring biodiversity. Finally, one of the main current conservation measures of
the speciesin France is to reintroduce hamsters to conventional unharvested wheat plots (Villemey
et al., 2013) surrounded by electric fences. Given the low reproductive success of hamsters in the
wheat enclosures of our experiment, we suggest improving this conservation measure by

reintroducing hamsters to plots containing a variety of crops.

Supporting information

Tab. S1: statistical output of the crop type effect on the plant species richness.

Tab. S2: number of species recorded and species occurrences for each order (total and per crop type).
Tab. S3: statistical output of the crop type effect on the invertebrate species richness (Ninvertebrates).

Tab. S4: statistical output of the crop type effect on the invertebrate abundance (Ninvertebrates).

Tab. S5: total number of pups produced, adult mortality and adult emigration/death according to the crop
type (N = 6 breeding pair per crop type).

Tab. S6: data used to perform statistical analyses (Ninvertebrates, Ninvertebrates, Nplant and reproductive success of

hamsters).
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Supplementary information - Experiments in outside enclosures highlight that organically-grown

monoculture crops reduce invertebrate and plant species richness and impair the fitness of a

critically endangered farmland rodent.

Variable Numerator df Denominator df Fvalue  Significance
Intercept 1 6.94 37.33 0.001
Hamster 1 71.60 94.14 <0.001
Crop 2 53.83 10.18 <0.001
Sampling 1 53.12 2.79 0.101
Moat 1 52.03 0.81 0.373
Hamster*Crop 2 70.23 3.21 0.046
Hamster*sampling 1 59.97 78.27 <0.001
Crop*sampling 2 53.01 3.37 0.042
Hamster*crop*sampling 2 59.16 1.11 0.338

Table S1: statistical output of the crop type effect on adventive plant species richness. The best

model (with the lowest AICc) is shown, i.e. the full model. Removing the triple interaction did not

change the results but increased the AlCc by 10. This interaction was therefore kept in the model.

Significant p-values (a<0.05) are in bold print.
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Class Order N Occurrences (per type of enclosures)

Hymenoptera 11 93 (32 Mix - 32 Maize > 29 Wheat)
Diptera 10 71 (31 Mix > 22 Maize > 18 Wheat)
Hemiptera 9 44 (16 Mix - 16 Wheat > 12 Maize)
Coleoptera 9 110 (48 Mix > 44 Maize > 18 Wheat)
Insecta Orthoptera 2 19 (10 Mix > 6 Maize > 3 Wheat)
Lepidoptera 3 6 (3 Maize > 2 Mix > 1 Wheat)
Raphidioptera 1 1 (Maize)
Neuroptera 1 2 (Maize)
Malacostraca Isopoda 2 60 (23 Mix > 22 Maize > 15 Wheat)
Arachnida Araneae 10 82 (36 Maize > 26 Mix > 20 Wheat)
Opiliones 1 11 (9 Maize > 2 Mix)
Chilopoda Lithobiomorpha 2 2 (1 Maize - 1 Mix)
Diplopoda 1 5 (Maize)
Gastropoda Pulmonata 3 26 (19 Mix > 6 Wheat > 1 Maize)

Table S2: Number of species recorded and species occurrences for each order (total and per crop
treatment). The total occurrence, in bold print, represents the sum of the occurrence of all species
of an order in all the enclosures. The occurrence per crop type represents the number of

enclosures of each crop type containing a species from each order.

Variable Numerator df Denominator df Fvalue  Significance
Intercept 1 47 876.59 <0.001
Hamster 1 47 1.07 0.307

Crop 2 47 341 0.041
Hamster*Crop 2 47 5.42 0.008

Table S3: statistical output of the crop treatment effect on the invertebrate species richness
(Ninvertebrates). The best model (with the lowest AICc) is shown. Significant p-values (a<0.05) are

indicated in bold print.
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Variable Numerator df Denominator df Fvalue  Significance
Intercept 1 46 2.99 0.090
Hamster 1 46 1.67 0.203
Crop 2 47 4.82 0.013
Nfauna 1 46 2.66 0.110
Hamster*Crop 2 46 0.71 0.495

Table S4: statistical output of the crop treatment effect on the invertebrate abundance (ninvertebrates)-

The best model (with the lowest AlCc) is shown. Significant p-values (a<0.05) are indicated in bold

print.
Number of pups 3 20" 4
Adult mortality Two (17%) One (8%) Two (17%)
2Ll Five (42%) Five (42%) Five (42%)

emigration/death

Date: April-May

Date: July-August

Date: April-May

Table S5: total number of pups produced, adult mortality and adult emigration/death according to
the crop type (N = 6 breeding pair per crop type). The two asterisks indicate a statistical difference
between the Mix group and both the Maize and Wheat groups. See the Results section of the
manuscript for further details. ‘Adult mortality’ shows the number and the percentage of adults
that were found dead in the enclosure. ‘Adult emigration/death’ indicates animals that
disappeared from their respective enclosures but for which no corpse was found. Data do not

include observations after August 23; see the methodology section of the manuscript for further

details.
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“We are what we eat, and what we evolve to eat”

Which crops are favorable to the
hamster when associated to maize and
wheat?
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1. General approach

2. Summary of the main results

3. Study 4: Effects of 6 crop-based diets on the hibernation and the reproduction of the
European hamster

4. Box 2: Telomere dynamics of the food-storing European hamster during hibernation and
reproduction

112



| » Thematic 1 — Chapter 3: Which crops are favorable to the hamster when associated to maize and wheat?

1. Goal of this study
This study mainly aims at bringing solutions to the decreased reproductive success of the
European hamster observed in the previous studies (study 2 and study 3) caused by wheat and
maize monoculture crops. | also wanted to investigate for the effects of these two crops on the
hibernation of the species, since up-to-now | have been focusing on the hamsters’ reproductive
success. | therefore explored for crops that could either prevent from vitamin B3 deficiency when
associated to maize, or for crops that would ensure a good hibernation and reproductive success
when associated to wheat. The idea was to find favorable crop to be associated either with

wheat or maize, to be included in the agricultural schemes of the Alsace.

2. Approach
The experiment was carried-out on 84 captive hamsters (42 & and 42 ?), that were fed either on
maize-radish (Mrad), maize-soybean (Msoy), maize-sunflower (Msunf), wheat-radish (Wrad),

wheat-soybean (Wsoy) or wheat-sunflower (Wsunf), see Figure 13.

Wheat 84 hamsters Maize
(42 couples) /AT &

Soybean Radish Sunfl. Soybean Radish Sunfl.

Figure 13: Experimental diets and sample size of the study (study 4 and box 2).

113



| » Thematic 1 — Chapter 3: Which crops are favorable to the hamster when associated to maize and wheat?

The experiment started in November 2015 and terminated after the first reproductive period in
late May 2016. Hamsters were weighed and sampled (blood and ear tissues) four times: 1) prior
and 2) after hibernation and 3) prior and 4) after reproduction. | recorded their levels of activity
and their food intake during the whole hibernation period (November-March) as well as the litter

size at parturition and at weaning during the early reproductive period (April-May).

3. Summary of the main results
Hamsters fed on Wsoy, Mrad and Msunf were significantly more active during hibernation and
have lost significantly less body mass (up to twice less). They also had a better reproductive
success than hamsters from the three other diets. Sunflower and radish therefore appear to be
favorable when associated to maize whereas they are unfavorable when associated to wheat. In
contrast, soybean is favorable when associated to wheat but unfavorable when associated to
maize. The main conclusion of this study would therefore be that there is not one ‘favorable’
crop for the species, but rather favorable crop-associations (see Figure 14). Furthermore, it
appears that crop-associations favorable for hibernation are for most also favorable for

reproduction.
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Maize-Soybean - Wheat-Soybean
igh-
protein
For hibernation = unsuitable content For hibernation = good
For the first reproductive event = unsuitable (~35%) For the first reproductive event = good
Wheat-Sunflower Maize-sunflower
High-PUFA

For hibernation = good

content A
(~45%) :
f For the first reproductive event = medium

For hibernation = medium/good
For the first reproductive event = unsuitable

Wheat-Radish Maize-radish

For hibernation = unsuitable
For the first reproductive event = unsuitable

For hibernation = medium/good
For the first reproductive event = medium

Figure 14: summary of the crop-based association effects on the hibernation and the reproduction

of the European hamster. The content in PUFA and proteins is estimated following available data

(AFZ et al., 2011). The size of the seed pictures are representative of hamsters’ food preferences

in each diet (See Figure 12 (c) of the study 4).
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Study 4 - effects of 6 crop-based diets on the hibernation and the reproduction of the

European hamster (Cricetus cricetus).

In preparation !

© Florian Kletty

1 These data will be part of the article: Tissier M.L., Kletty F., Robin J.P., Handrich Y. and Habold C. Effects of 6 crop-
associations based on wheat and maize on the hibernation and the reproduction of the European hamster (Cricetus cricetus) 116
—In preparation
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Short introduction

In the previous studies, we showed that European hamsters (Cricetus cricetus) fed on
maize-rich diets displayed high rates of infanticide, with 95% of the pups killed during the first
day after parturition. We later showed that an experimental supplementation of vitamin B3
restored a good reproductive success in hamsters fed on a maize-worm diet, compared to
hamsters fed on the same diet without the vitamin supplement (study 2). In another study, we
pinpointed that monoculture crops of maize and wheat were impairing hamsters’ reproductive
success (with less than 1 pups/couple) under semi-wild conditions (i.e. in outside enclosures,
study 3). We argued that this reduced reproductive success was due to a strong reduction in the
diversity of hamsters’ diet. Moreover, this suggests that hamsters were not able to compensate
for the vitamin B3 deficiency in maize by ingesting invertebrates or adventive plants in these
semi-wild conditions.

However, up-to-now, we are still lacking of data on the effects of crop-based diets on the
hibernation of this food-hoarding hibernator and on how they will affect hamsters body
condition on emergence on which greatly depend their reproductive performances (Nechay et
al., 1977; Vohralik, 1974). Therefore, with the double aim of understanding how food stores
might affect hibernation and subsequent reproduction, but also of finding crops that could be
associated with maize and wheat to improve the reproductive success of the species in French
farmland, we have investigated the effects of 6 new crops-based diets on the hibernation and the
reproduction of 42 pairs of captive hamsters: three maize-based diets (maize-radish, maize-
soybean and maize-sunflower) and three wheat-based diets (wheat-radish, wheat-soybean and
wheat-sunflower). These data will also bring new information on the effects of the diet on the
hibernation of food-storing hibernators. Indeed, most studies conducted on this group of
hibernators have been carried-out on Eastern chipmunks (Tamias striatus) (Humphries et al.,
2011; Munro et al., 2008, 2005). Results of these studies seem to indicate different patterns than
the one observed in fat-storing hibernators, in which diets rich in polyunsaturated fatty acids
(PUFA (Arnold et al., 2015)) are positively related to the depth and duration of torpor bouts and
therefore to energy saving during hibernation (Geiser et al., 1994; Jastroch et al., 2016; Munro

and Thomas, 2004). However, in the food-storing Eastern chipmunk, it appears that PUFA-rich
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diets are associated with a reduction of torpor use, which can be interpreted as a strategy to
avoid oxidative stress (Munro et al., 2005). Indeed, an excess of PUFA in the diet can also be
detrimental, as these fatty acids are more prone to autoxidation (Frank et al., 1998; Munro and
Thomas, 2004). Therefore, a lack of PUFA in the diet would lead to a hibernation of reduced

quality, whereas an excess would cause oxidative stress.

Methodology

Animals and housing conditions

This study was carried-out on 84 one-year-old hamsters (42 & and 42 ?) from November 2015 to
the beginning of June 2016 in our captive breeding unit (CNRS, IPHC-DEPE, Strasbourg, France).
They were fed ad libitum on a conventional diet (pellets 105, from Safe, Augy, France, composed
of 19.3% protein, 54.9% carbohydrates, 5.1% lipids, 4.2% cellulose, 5.0% minerals, and 11.5%
water) and maintained in controlled environmental conditions (temperature 20 °C to 23 °C; 35%-
55% humidity; summer photoperiod, 16L: 8D) prior to the experiment. Hamsters were housed
individually (W x H x D: 265 mm x 237 mm x 420 mm) throughout the hibernation period. Cages
were enriched with paper and plastic shelters during the whole experiment. In April, hamsters
were housed in breeding pairs in large cages (W x H x D: 380 mm x 257 mm x 590 mm) equipped
with a shelter box (W x H x D: 140 mm x 230 mm x 230 mm) for two weeks. After this two-week
period, males were removed and females remained in the cage until they weaned their litter (i.e.

30 days post-parturition).

Experimental protocol: design, timetable and diets composition

Three crops were selected to be associated with wheat and maize: sunflower (Helianthus
annuus), soybean (Glycine max) and fodder radish (Raphanus sativus oleiformis). Sunflower and
soybean were selected for their great tryptophan and vitamin B3 contents, but also for their
respective PUFA and protein contents (see Table 3). Regarding fodder radish, it was selected
because researchers in the Netherlands have recorded good population dynamics for hamsters
living in radish fields (La Haye M.J.J, personal comm.). Moreover, this crop appears as a good
intercultural crop for wheat and especially favorable for invertebrates and farmland birds (CARA

Bourgogne, 2012; Heckenbenner and De Pontbriand, 2011).
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% - T iaEe Pellets 10
Main analysis Unit Avg Avg Avg Avg Avg
Dry matter % as fed 87.0 234 92.8 88.8 88.5
Crude protein % DM 12.6 9.4 16.6 39.6 21.8
Lipids % DM 3.6 4.4 47.9 21.3 58
Total sugars % DM 3.2 21 2.7 8.7 62.0
Starch % DM 69.1 73.4 1.3 6.4 /
Gross energy | MJ/kg DM 18.2 18.7 28.7 23.6 13.5
Minerals Unit Avg Avg Avg Avg Avg
Calcium g/kg DM 0.7 0.5 2.6 3.2 8.5
Magnesium g/kg DM 1.2 1.2 3 2.4 15
Manganese mg/kg DM 40 5 19 29 79.1
Zinc mg/kg DM 31 21 50 43 88.1
Copper mg/kg DM 6 5 18 19 19.2
Iron mg/kg DM 78 37 52 121 285.9
Amino acids Unit Avg Avg Avg Avg Avg
Leucine % protein 6.5 12 6.0 7.5 /
Lysine % protein 29 3.1 3.9 6.2
Tryptophan % protein 1.2 0.7 1.6 1.3
Fatty acids Unit Avg Avg Avg Avg Avg
Palmitic % Lipids 25 11 6 10 /
Palmitoleic % Lipids 1 Traces Traces Traces /
Stearic % Lipids 1 2 5 4 /
Oleic % Lipids 12 28 18 20.7 /
Linoleic % Lipids 55 56 69 55 /
Linolenic % Lipids 5.4 1 0.3 7.3 /
Vitamins Unit Avg Avg Avg Avg Avg
B3 mg/100 g 1.8 <1 8.3 0.4 41,8

Table 3: macronutrient and micronutrient composition of the crop selected for this experiment.
Data are given for the grains/seeds of each crop; data on fodder radish are not available. Avg:
average, pellet 105: conventional food (from SAFE) given to the hamsters in our breeding unit.

(This table is based on (AFZ et al., 2011; USDA SR-21, 2016)))
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A total of 6 diets were composed: maize-radish (7 & and 7 @), maize-soybean (7 & and 7 ?),
maize-sunflower (7 ¢ and 7 @), wheat-radish (7 & and 7 ?), wheat-soybean (7 ¢ and 7 ?) or

wheat-sunflower (7 & and 7 ?); see Table 4 below. During reproduction (8™ march-10%" June),
hamsters were supplemented in proteins by receiving 2g of earthworm, which roughly
corresponds to one worm (Lumbricus terrestris), every two days. Hamsters were maintained
under controlled environmental conditions mimicking their seasonal cycle in the wild (Table 4):
the photoperiod was based on the natural ephemerid of Strasbourg (48° 34' 24" North and 7° 45’
08" East) and the room temperature was about ~20°C in summer, 12°C in the fall and 10°C in

winter (approaching the temperature of the burrow in the wild).

Date Period Group Diet Photoperiod Ta Humidity
E 1
Birth-5™ £ 2 Natural
irth-5° = 3 ) ] atura
November| & > CD”“’e”t'O“fD';;'Et (pellets | (summer, | 20s2°c | 35%-45%
2015 @ fall)
5 5
i 6
‘g 1
2 - 2
5" Nov. - % % 3 Conventional diet (pellets | Natural (fall
10" Dec. | © & ) | 12+1°C | 45%-60%
o & 4 105) winter)
2015 Ewm
a @ g
=
3 6
1 Conv. diet + maize + soybean
5 5 Conv. diet + maize +
10716 b= sunflower
) 2 3 Conv. diet + maize + radish Natural
December| =2 . i 10+1°C | 55%-65%
2015 £ 4 Conv. diet + wheat + soybean| (winter)
E 5 Conv. diet + wheat +
- sunflower
5] Conv. diet + wheat + radish
1 - Msoy Soybean
16" s 2 - Msun Maize + Sunflower
December| ® 3 - Mrad Radish Natural
£ . +1° -
8" March | & 4 - Wsaoy Soybaan (winter) 10£1°C | 559%-65%
2016 T 5 - Wsun Wheat + sunflower
6 - Wrad Radish
1 - 'Wsay Soyhean
5 2 - Wsun Maize + Sunflower
Sth march {3 3 - Wrad Radish Natural From 100 o
o ) 2041°C | 50%-60%
10 June g 4 - Wsay Soybean (spring) (+2°C/day)
& 5 - Wsun Wheat + sunflowar Y
6 - Wrad Radish

Table 4: timetable and details of the experimental design and diets. Sampling OH corresponds to

ear and blood samplings at the onset of hibernation. More details can be found in the text.
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Body mass, food intake and food preferences

Hamsters were weighed at the onset of hibernation (OH, from the 25™ November to the 9t
December 2015), post-hibernation (PH, between the 23-25% March 2016) and post-reproduction
(PR, from the 1™t to the 10™ of June). These data were used to calculate changes in hamsters’
body mass over the totality of the experiment. At each cage cleaning, we collected the litter and
sieved it to gather the totality of the uneaten food. This food was then dried and weighed to
calculate hamsters’ food intake over the hibernation period. This was then used to estimate

hamsters’ daily food intake (g day® of dry matter) and food preferences.

Activity index

The use of torpor was estimated three times a week between 3 and 5 pm, starting on the 21°t of
December and ending on the 8™ of March. A score was attributed to each hamster (based on
(Concannon et al., 1989)) according to their breath movements and their position in the cage. A
score of 1 was assigned to hamsters with the body tightly curved and less than 1 breath in 30
seconds (i.e. likely in deep torpor). A score of 2 was assigned to hamsters with the body curved
and breathing from 1-7 times in 30 seconds (i.e. in shallow torpor or in a deep sleep). Finally, a
score of 3 was attributed to hamsters that where either active in the cage or displaying more
than 7 breaths during 30 seconds (i.e. active or in a light sleep). Over the entire hibernation
period, we therefore disposed of an index of activity for each hamster, ranging from 1 (mostly

inactive, or in torpor) to 3 (mostly active, never in torpor).

Reproductive success and litter size
Twice a day (at 8 am and 7 pm) between the end of April and the end of May, we monitored the
number of females that initiated parturition and the litter size. The body mass of the pups (+ 0.01

g) was recorded at 8 and 30 days of age.

Blood sampling
Hamsters were sampled three times over the entire experiment: at the onset of hibernation
(OH), at emergence from hibernation (PH) and finally post-reproduction (PR). We collected blood

(~200 L from the sublingual vein) under 2% isoflurane anaesthesia.

Data analyses
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Data presented are means + SEM. Normality of the residuals was tested using a Kolmogorov-
Smirnov test and variance homogeneity was checked using a Levene test. We first looked at the
effect of the diet on the hamsters’ activity index between December and the end of March using
a Generalized Linear Mixed Model (GLMM), with the diet, the sex and the diet*sex interaction as
fixed factors. The identity of the individuals and the date were included as random factors. We
then investigated how the diet affected the body mass loss and average daily food intake during
hibernation. These variable were analysed using a linear model (LM) with diet, sex and the
diet*sex interaction as fixed factors. The body mass at the onset of hibernation and the average
activity index of each hamster were included as covariates in this model. Regarding hamsters’
food preferences during hibernation, we looked at the daily food intake for each of the two items
using a Linear Mixed Model (LMM) with the diet, the sex, the type of the food item (base or
supplement) and the diet*type of food item interaction as fixed factors. We also included the
body mass at the onset of hibernation and the activity index as covariates in this model. The
identity of the individuals was included as a random factor for repeated measures on the same
individual. Multiple comparisons were analysed via post-hoc LSD (least significant difference)
testing. Final model selection was based on the best AlCc (Akaike information criterion for small
samples) value. Analyses were conducted using IBM SPSS software (IBM SPSS Statistics for
Windows, Version 21.0. Armonk, NY: IBM Corp), and the significance threshold was set at p<0.05.

Figures were prepared using GraphPad prism software (Version 5, La Jolla, USA).

Ethics
The experimental protocol followed EU Directive 2010/63/EU guidelines for animal experiments
and the care and use of laboratory animals, and was approved by the Ethical Committee

(CREMEAS) under agreement number 00624-01.

Results

Activity index, food intake, food preferences and body mass loss during hibernation

All hamsters displayed torpor (index of 1) during the hibernation period of this experiment,
except one female from the Maize-radish group. The activity index was significantly affected by
the diet (Figure 15 (a), Fsg14=1.9, p = 0.047) and the sex (F1,81.4 = 6.1, p = 0.015; females were

more active than males: indexe = 2.01+0.35 and indexs = 1.77+0.35). However, we found no
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effect of the body mass at the onset of hibernation (F1s1.4 = 0.8, p = 0.4) or the sex*diet (Fsg14=
1.3, p = 0.3) interaction on this variable. The daily food intake (g of dry matter/day) was affected
by the diet (see Figure 15 (b); Fs43= 2.8, p = 0.029) and the activity index (F1,43 = 93.5, p<0.001; R?
= 0.69). However, we found not effect of the sex (F143=0.47, p = 0.5) or the sex*diet interaction
(Fs,a3 = 0.70, p = 0.6) on this variable. Regarding hamsters’ food preferences, we found a
significant Diet*Type of food item interaction (Figure 15 (c); F1,97 = 6.3, p < 0.001), highlighting
that in four diets (Msoy, Msunf, Wsoy, Wsunf) hamsters consumed significantly more the
supplement (soybean and sunflower), whereas in the two other diets (Mrad and Wrad) they
preferentialy consumed the ‘base” (maize and wheat, respectively). For information, average

body-mass are given in the Table 5 according to the period, the diet and the sex of the

individuals.

PERIOD DIET M-soy M-sunf M-rad W-soy W-sunf W-rad
OH 252.9+414.2 253.1+14.2 252.6£14.2 253.6£14.2 253.9+14.2 254.1+14.2
PH 194.1+¢11.9 231.3411.9 216.9411.9 234.6+11.9 212.9+11.9 188.4+11.9
PR 224.3£12.5 256.1+13.6 229.7+413.2 257.3+13.0 240.2£12.5 203.2+13.2
PERIOD | SEX Males Females

OH 271.78.2 235.08.2

PH 230.3+6.9 195.846.9

PR 257.017.1 213.3£7.9

Table 5: Hamsters’ average body mass according to their diet, their sex and the period. Three
periods are represented: OH = Onset of Hibernation, PH = Post-Hibernation and PR = Post-

Reproduction. Means+SEM are recorded, in grams.

Hamsters’ specific body mass loss was significantly affected by the sex (F1,70= 27.5, p<0.001), the
diet (Figure 15 (b); Fs,70 = 2.9, p = 0.021), the activity index (F170 = 69.5, p<0.001, R?> = 0.34) and
the body mass at the onset of hibernation (F170 = 83.8, p<0.001; R? = 0.33) but not by the

sex*diet interaction (Fs 70 = 1.2, p = 0.3).
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Finally, regarding hamsters’ reproductive success, informative data are presented below and
seem to suggest an effect of the diet on this variable, with three diets (Msunf, Mrad and Wsoy)

that would tend to more favorable than the three others (Msoy, Wsunf and Wrad; Figure 16).

83% 67% 67% 40% 50% 20% Parturition rate
0% 30% 42% 100% 0% 0% Survival rate (progeny)

T

Litter size

2- _l_—l—
X X X

c | ] 1 ) )
S S & P

1
& (3
O 2 >
§ S 2 &
AR A\ A\
Diet
Figure 16: Females’ litter size at weaning (30 days post-parturition) according to the diet.

Parturition rate (i.e. fecundity) and pups’ survival rate are given in %. The crosses mean no

weaned pups in these diet groups.

Discussion

The results of this study reveal two different hibernation strategies used by European
hamsters: 1) either to remain mainly active (i.e. elevated activity index) and greatly rely on food
hoards or 2) to spare energy through the use of torpor (i.e. low activity index) and therefore rely
less on food hoards. It also appears that the composition of the hoards influences the use of one
or the other strategy, with hamsters less torpid in three diet groups (Maize-Sunflower, Maize-
Radish and Wheat-Soybean) than in the three others (Maize-Soybean, Wheat-Sunflower and
Wheat-Radish).
When looking at the body mass loss compared to the amount of food ingested (see Figure 15),
the Wsoy, Msunf and Wsunf diets appear to be more ‘efficient’ than the three others. Indeed, in

the Wsoy and Msunf, hamsters have spared the most in terms of body mass compared to the
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three other groups. In comparison, hamsters from the Mrad diet needed to eat large amounts of
food and however lost more body mass than hamsters from the Msunf and Wsoy groups. This
result is probably explainable by differences in energy and protein contents between these diets.
Indeed, the Wsunf diet is particularly rich in energy (see Table 15), whereas the WSoy is rich in
proteins. Therefore, hamsters from these two diets could remain active, eat less and still reduce
their body mass loss. In comparison, we expect that the MRad would be less rich in both energy
and proteins than these two diets. Macronutrient analyses of these diets are ongoing to confirm
this hypothesis. In the Wsunf diet, hamsters have lost intermediate body mass, but whereas
eating less than in the Mrad diet, which was possible thanks to an increased use of torpor (low
activity index). Since hamsters would not necessarily have access to ad-libitum food in the wild,
this diet could be especially appropriated under food restrictive environmental conditions.
Regarding the two remaining diets (Msoy and Wrad), hamsters’ body mass loss was the highest
of the 6 groups and roughly corresponded to 25% of hamsters’ body mass at the onset of
hibernation.

Taken altogether, the Wheat-Soybean, Maize-Sunflower and Wheat-Sunflower associations
therefore appear to be more appropriate for the hibernation of this species. The Maize-Radish
appears appropriate under ad-libitum food conditions, which is unlikely in the wild. Finally,
results also highlight sex differences in terms of activity and body mass loss during hibernation,
echoing what has been found in other species (Michener, 1992) and in a recent study on the
European hamster (Siutz et al., 2016). Indeed, in our study, females were less torpid and have
lost more body mass than males, independently of the diet. However, they have lost significantly
less mass in the Wsoy, Msunf and Mrad diets than in the three others. Therefore, given that
females weighing less than 200g on emergence from hibernation are not able to reproduce
(Nechay et al., 1977; Vohralik, 1974), the quality/composition of the hoards appear particularly
important for females’ hibernation and subsequent reproduction.

Regarding hamsters’ reproductive success, the tendency observed suggests that the crop-
associations favorable for hibernation were also favorable for reproduction: hamsters that have
displayed the lowest body mass loss have had a subsequent better reproductive success. This

could also be due to the fact that in these three diet groups, animals were more active and
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potentially earlier ready for reproduction. Indeed, in the three ‘more torpid’ groups, several
animals were still torpid by the 10 of April, whereas on the 27" of March, males from the ‘active
groups’ all had well-developed testes suggesting that they already were in a reproductive state.
However, since | only present informative data and preliminary results here, deeper statistical
and data analyses are needed to be able to conclude. Moreover, hormonal analyses will be
performed to bring more information on the reproductive state of the individuals according to
their respective diet. They will first include leptin analysis, which is related to hibernation success,
individuals’ energetic conditions and maternal investment into reproduction (Dark, 2005; French
et al.,, 2009; Weitten et al.,, 2013)). We will also perform analyses on plasma levels of
testosterone and estradiol, for their respective role in mammalian reproduction (Wade and
Schneider, 1992; Yohannes et al., 2016; Zambrano et al., 2005), their implications in tryptophan
metabolism to vitamin B3 (Shibata and Toda, 1997) and in aging (Barrett and Richardson, 2011;
Breu et al., 2011; Calado et al.,, 2009). Interestingly, the effects of the diets on hamsters’
hibernation and reproduction do not seem to be explained by the macronutrient content of the
diets (see summarizing figure 11 above). For example, the two protein-rich diets (Maize-Soybean
and Wheat-Soybean), in which hamsters ingested approximately the same proportion of Soybean
compared to wheat and maize (see Figure 12 (c)) had opposite effects on both hibernation and
reproduction. Furthermore, in the Maize-Soybean diet, high rates of infanticides (as those
described in study 2) have been recorded, suggesting an imbalance between tryptophan and
other amino acids such as leucine or lysine in this diet. Therefore, if verified, this would suggest
that the quantity of protein or fatty acids per se does not explain the differences in hibernation
strategies and reproductive success between the different groups of our study. Rather, the type
of proteins (e.g. representativeness and ratio between all the essential amino acids), the type of
fatty acids (e.g. representativeness and ratio between the different fatty acids) or the content in
vitamins/antioxidants would be more important. Measurements of the macronutrient and
micronutrient contents of these diets are therefore ongoing.

Finally, the diet is a key component of the trade-offs between reproduction, self-maintenance
and growth in many taxa (Aiken et al., 2016; Shine, 2013; Stearns, 1992; Zera and Harshman,

2001). for instance, diet’s contents in PUFA or antioxidant are known to influence aging, by
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modulating oxidative stress or telomerase activity, ultimately leading to an increased attrition of
telomeres (i.e. the protective caps of chromosomes (Das, 2014; Giroud et al., 2014; Hoogenboom
et al., 2012; Muhammad Anjum et al., 2012; Munro and Thomas, 2004). Therefore, oxidative
stress measurements are ongoing and data on telomere dynamics in the hamsters of this study

are presented in Box 2.

Conclusion

Interestingly, sunflower and radish therefore appear to be globally (i.e. when taking into account
hibernation and reproduction) favorable when associated to maize, whereas they are
unfavorable when associated to wheat. In contrast, soybean is favorable when associated to
wheat but unfavorable when associated to maize. The main conclusion of this study would
therefore be that there is not one ‘favorable’ crop for the species, but rather favorable crop-

associations.
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Box 2 — Telomere dynamics in the European hamster during hibernation and reproduction

Unpublished data’

Short introduction

Hibernation is widely known as a strategy used to face periods of low energy availability
and cold ambient temperatures (Ta) (Humphries et al., 2003a; Ruf and Geiser, 2015). However, it
has also been identified as part of a “slow-paced” mammalian life-history tactic and associated to
retarded physiological ageing, low rates of fecundity and increased maximum longevity (Ruf et
al., 2012; Turbill et al., 2011). Most hibernators — i.e. fat-storing hibernators — fatten prior to
hibernation season and rely to a large extent on stored fat as an energy source in winter (Geiser,
2013; Humphries et al., 2003b). Conversely, food-storing hibernators (some hamster species and
chipmunks) hoard very large amounts of food in their burrow prior to winter and rely exclusively
on these hoards as an energy source throughout winter (Humphries et al., 2003b; Munro et al,,
2008; Nechay et al., 1977; Wall, 1990). Finally, some species are intermediate and use one or the
other strategy depending on the environmental conditions (Humphries et al., 2003b).
Hibernation is defined as a succession of torpor phases, during which animals decrease their
metabolism and their body temperature to a large extent (Tp~Ta+1°C) (Geiser, 2013; Ruf and
Geiser, 2015). Although torpor is expressed throughout winter, hibernators do not remain
constantly torpid. Bouts of torpor are indeed interrupted by periodic rewarming (arousals),
followed by euthermic phases (Tp~37°C). Arousals and euthermic phases together use most of
the energy required during hibernation (Geiser, 2013; Ruf and Geiser, 2015). However,
rewarming also triggers transient and high levels of oxidative stress (Orr et al., 2010), known to
negatively affect telomere length (i.e. the protective caps of chromosomes, involved in cell and
whole organism ageing processes (Bize et al., 2009; Harley et al., 1990; Heidinger et al., 2012;
Monaghan and Haussmann, 2006). Recently, the duration of the euthermic phases and the

number of arousals during hibernation have been positively correlated to the erosion of
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telomeres in fat-storing hibernators (Giroud et al.,, 2014; Hoelzl et al., 2016). These studies
therefore suggest that both the time spent euthermic (Giroud et al., 2014) and the number of
arousals (Hoelzl et al., 2016) have deleterious impact on the ageing rate of individuals.

Interestingly, fat- and food-storing hibernators exhibit important variations in their pattern of
hibernation (Humphries et al., 2003a, 2003b; Ruf and Geiser, 2015). Fat-storing hibernators
express long (~ 200h) and deep (Tp min<1°C) bouts of torpor compared to food-storing
hibernators (~ 90h and Tp min~4°C). Consequently, food-storing hibernators arouse more
frequently (~ 21 times (Humphries et al., 2011)) and spend more time euthermic (>24h) than fat-
storing hibernators (that arouse ~12 times (Humpbhries et al., 2011) and for a mean duration
<12h). Therefore, we could expect that food-storing hibernators would display faster rates of
aging compared to fat-storing hibernators, whereas they should display lower aging rates than
non-hibernating species. Up-to-date, no studies have investigated for the telomere dynamics of
food-storing hibernators. We therefore conducted this study on 84 hamsters (42 females and 42
males from the study 4, fed on 6 crop-based diets), seeking to understand 1) whether the
telomere dynamics of food-storing hibernators was similar to the one observed in fat-storing
hibernators and 2) whether the diets provided to hamsters could influence this dynamic (Das,

2014; Giroud et al., 2014; Hoelzl et al., 2016).

General approach and Methodology

Sampling

A total of 84 hamsters (42 & and 42 Q) were sampled (i.e. ear tissue punches), at three periods:
1) at the onset of hibernation (OH), post-hibernation (PH) and post-reproduction (PR). The ear
tissue punches (~2mm?) were collected in the same time than blood (study 4) under 2%
isoflurane anaesthesia. Before sampling, the area was cleaned with ethanol and scissors were
burnt at 200°C between each sampling, to prevent from any DNA contamination for later
telomere analyses. Hamsters were distributed into 6 diet groups: Maize-Radish, Maize-Soybean,
Maize-Sunflower, Wheat-Radish, Wheat-Soybean and Wheat-Sunflower (for more details, see

Methodology section of the study 4).

Relative Telomere Length measurements
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Telomere measurements were carried out on DNA extracted from the ear tissue punches using
the DNeasy Blood & Tissue Kit, according to the manufacturer's protocol (Qiagen, Germany). The
Relative Telomere length measurements were conducted by quantitative real-time amplification
(Cawthon, 2002) adapted for ear tissues and for the European hamster. This measurement is
based on the determination of a number of amplification cycles necessary to detect a lower
threshold of fluorescent signal. It estimates the quantity of telomere repeated DNA sequences
relative to a reference gene (c-Myc) that was predetermined to be non-variable in copy number
(non-VCN) among the sample genomes (Smith et al., 2011). Primer sequences for the non-VCN
gene (5’-GAG GGC CAA GTT GGA CAG TG-3’, and 5’-TTG CGG TTG TTG CTG ATC TG-3’) amplified a
54 bp portion of the c-Myc proto-oncogene. Forward and reverse telomeric primers were 5'-
CGG TTT GTT TGG GTT TGG GTT TGG GTT TGG GTT TGG GTT-3" and 5’- GGC TTG CCT TAC CCT
TAC CCT TAC CCT TAC CCT TAC CCT-3’, respectively.
Briefly (see Supplementary Material and Methods in (Turbill et al., 2013) for details): 20 ng of
DNA was added to 10 ul of Sensifast no-ROX 2 x mastermix (Bioline, Germany); with an extra 200
UM final concentration of dNTPs; and forward and reverse primers at 0.3 uM. Cycling conditions
included: 1) an initial hold at 95°C for 5 mins; 2) 40 cycles of 94°C for 10 secs, 58°C (telo) or 61°C
(c-Myc) for 20 secs, and 72°C for 20 secs with fluorescence readings recorded at this step; and 3)
a final melt step was at 56°C to 95°C in 1°C increments. Cycling was performed on a Rotorgene Q
real-time PCR instrument (Qiagen, Germany). Measurements were carried-out in triplicates (for
each of the three time points, OH, PH and PR) and associated to a no-template control (water)
and five replicates of the control DNA sample. Multiple single-use aliquots of the extracted DNA
from the control sample were stored at -20°C until use in each run (all nine runs were conducted
over 14 days). As a measure of repeatability, the mean coefficient of variation (CoV) of the three
replicate reactions for each sample was 5.0% for the telomere reaction and 5.4% for the c-Myc
reaction.
Calculation of RTL was carried-out using the software LinRegPCR (V.12.5) to estimate the mean
PCR efficiency of 82.8% for telomeres and 89.2% for c-Myc, and the following formula:

RTLS — (ECTACqCT/ ESTACqST) / (ECN/\CqCN / ESN/\CqSN) *
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" Where: RTLs = relative telomere length for a given sample; E" = mean efficiency of the control
telomere reactions; Cq“T = mean cycle threshold of the control telomere replicates; EST = mean
efficiency of all sample telomere reactions; Cg>™ = mean cycle threshold of within-sample
telomere replicates; EXN = mean efficiency of the control non-VCN gene reactions; Cq“N = mean
cycle threshold of the control non-VCN gene replicates; E°N = average efficiency of all sample
non-VCN gene reactions; and Cg°™ = average cycle threshold of within-sample non-VCN gene

replicates (Supplementary Material and Methods in (Turbill et al., 2013).

Data analyses

Data presented are means + SEM. Normality of the residuals was tested using a Kolmogorov-
Smirnov test and variance homogeneity was checked using a Levene test. We first looked at the
effect of the diet on the hamsters’ relative telomere length during hibernation and reproduction
using a Linear Mixed Model (LMM), with the diet, the period (OH, PH and PR), the sex and the
diet*sex interactions as fixed factors. The identity of the individuals was included as a random
factor for repeated measures on the same individuals. We then investigated how the diet
affected the changes in telomere length (delta telomere length, ATL) during hibernation
(ATLhibernation = telomere lengthP™ - telomere length®") and during reproduction (ATLreproduction =
telomere length™ - telomere length®) using linear models (LM). We included the diet, the sex
and the diet*sex interaction as fixed factors. The ‘previous’ telomere lengths (i.e. at OH for
ATLhibernation and at PH for ATLreproduction) Were included as covariates in these models. Final model
selection was based on the best AlCc (Akaike information criterion for small samples) value.
Analyses were conducted using IBM SPSS software (IBM SPSS Statistics for Windows, Version
21.0. Armonk, NY: IBM Corp), and the significance threshold was set at p<0.05. Figures were

prepared using GraphPad prism software (Version 5, La Jolla, USA).

Preliminary results

The relative telomere length was significantly affected by the period (F2,108 = 42.5, p < 0.001), but
not by the sex (F175= 0.6, p = 0.5), the diet (Fs5,73=0.2, p = 0.9) or the sex*diet (F=5,74=0.4,p =
0.8) interaction. Post-hoc analyses indicated that hamsters elongated their telomere between PH

and PR (i.e. during reproduction; Figure 17A).
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Regarding the ATLhibernation (i.€. the change in telomere length during hibernation) was significantly

affected by the diet (Figure 17B, Fs43 = 2.7, p = 0.035) and by the Telomere Length at OH (F143 =

49.3, p <0.001; R? =0.48). However, we found no effect of the sex on this variable (F143=1.9, p =

0.18).

Finally, when looking at the ATLreproduction (i.€. the change in telomere length from PH to PR), we

found a significant effect of the Telomere length at PH (F132 = 24.2, p < 0.001), but no effects of

the diet (Figure 17C, Fs34 = 0.3, p = 0.9), the sex (F134 = 0.8, p = 0.4) or the sex*diet interaction

(Fa34=0.1, p =0.9) on this variable.
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Short discussion

Preliminary results show that the diet had a slight effect on telomere dynamics in the European
hamster. Indeed, it has affected the Atelomere during hibernation (especially in the Wrad group,
which showed the greatest body mass loss during hibernation). However, the diet had no effect
on the Atelomere during reproduction, period during which all the hamsters displayed an
elongation of their telomeres, independently of their respective diet. Therefore, at the end of the
experiment (post-reproductive period), hamsters displayed the same telomere length between
the different diet groups.

When looking at the ATL during hibernation, we can observe that in the Wheat-Radish diet,
hamsters have lost significantly more telomeres than in the 5 other diets. Moreover, in two of
these 5 diet groups (Maize-Radish and Maize-Soybean, see study 4 for more details), hamsters
have even elongated their telomeres. Interestingly, the telomere dynamics do not seem to follow
the dynamic of body mass loss or activity index recorded in this experiment (Figure 12A and 12B,
study 4), conversely to what has been found in the fat-storing Edible dormouse (Glis glis) (Turbill
et al.,, 2013). This could be explained by recent findings, suggesting that it is not the duration
spent in torpor per se that would affect the most telomere shortening during hibernation, but
the rate of re-warming (arousal) from torpor (Hoelzl et al., 2016). However, given that our activity
index only provides an estimation of the use of torpor, we would not be able to investigate for
this correlation.

Surprisingly, we found no sex differences in telomere dynamics in the European hamster, which
contrasts with the tremendous literature on the sex differences in telomere length and telomere
shortening in many vertebrates, including mammals ((Barrett and Richardson, 2011; Benetos et
al., 2001; Cherif et al., 2003; Mayer et al., 2006; Nawrot et al., 2004; Tissier et al., 2014); but see
(Bize et al., 2009; Heidinger et al., 2012)). Deeper data analyses are needed to better understand
these results as well as further investigation on the diets composition in micro- and
macronutrients to better understand the diet effect on the ATLhibernation.

Regarding the elongation of telomeres observed during reproduction, this could be an extreme
example of the shielding hypothesis stating that mothers protect themselves from oxidative

stress during fetal and lactating periods in order to protect their offspring (Blount et al., 2015).
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Because hibernating species have the ability to restore their telomeres, this protection may favor
telomere elongation during other periods of the year. This finding echoes what has previously
been found in adults Edible dormice, where a telomere elongation has also been recorded during
the active period (Hoelzl et al., 2016; Turbill et al., 2013). However, as indicated by Hoelzl (Hoelzl
et al.,, 2016), such an elongation was observed in dormice when they received extra food in a
year of low natural food abundance. Therefore, it is likely that this pattern in our study is caused
by the presence of ad-libitum food and the absence of foraging necessity to collect this food.
Further studies under wild conditions and on a long-term basis are therefore needed to better

understand the telomere dynamics of this food-storing rodent.
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1. Summary of the main results and advantages of our set-ups
Results of the study 1 bring new information on the drivers that affect the French population of
European hamster, especially regarding the implication of winter rainfall. It also brings new leads
on the effects of maize monoculture on this species. However, the correlative results presented in
this study cannot be used to explain the underlying mechanisms by which both increasing winter
rainfall and maize monoculture could affect the body mass of the species. Therefore, we carried-
out experimental studies in captive (study 2 and study 4) and semi-captive conditions (study 3) to
further investigate for the effects of maize on the biology of the hamster. These studies are
contributing to the understanding of how maize can affect hamsters’ fitness from a nutritional
perspective. For instance, in the study 2, pups from females fed on maize-based diets had reduced
body mass at weaning compared to pups from females fed on wheat-worm or maize-worm-vitamin
B3. Moreover, in the study 4, females fed on maize-based diets have lost on average more body
mass than females fed on wheat-based diets, except for females fed on the maize-sunflower diet.
However, we reported in the study 1 that the production of sunflower collapsed in the Alsace in
favor of maize and wheat (study 1). These body mass reduction could partially explain the 21%
decrease of wild hamsters’ body mass during the last century, reported in the study 1. Therefore,
taken altogether, results of these studies support our initial hypothesis that maize is nutritionally
unsuitable for hamsters. Because these studies were conducted under controlled conditions and
on a short-term basis, they allow to rapidly produce results applicable to the hamsters’

conservation.

2. Limits and scientific perspectives to our studies

a) The limits to our studies
Short-term studies
Nonetheless, this short-term approach can also have some disadvantages. Indeed, we are lacking
of information of the long-term effects of being fed on monotonous diets of maize and wheat.
Specifically, we do not know how it could affect the life expectancy or the long-term fitness of the
individuals, and more specifically of the population. For example, two females were able to wean
proper litters of 4-6 pups when fed on a maize-worm diet in 2015 (study 2). We could assume that

on a long-term basis, these two females would be favored over females that could not wean any
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litters or over females that weaned litters of pups showing harsh and diarrhea problems and cases
of siblicides. Indeed, the plasticity of these two females when fed on maize-based diets compared
to the other females that were greatly affected by the vitamin B3 deficiency allowed them to
produce more pups, and if heritable, this plasticity could allow pups to be less susceptible to these
kind of monotonous diets. If these pups are also able to reproduce properly when fed on maize-
based diets, the negative effects of maize-based diets at the population level would consequently
be reduced. The strong selection that would occur in such case would select these phenotypes in
the population, producing a case of adaptive phenotypic plasticity (Ghalambor et al. 2007).
Nonetheless, pups of these females had hair deficiency and lower body mass at weaning, which
could affect their survival or reproductive rate, even more under wild conditions. Moreover, on
the 21 females tested (for a total of 42 reproductive attempt), only 2 females displayed such cases
of plasticity towards maize-based diets, and only during their second reproductive attempt.
Moreover, females were fed ad-libitum and were in controlled conditions with reduced
maintenance and foraging costs. Therefore, even though these females could be favored on a long-
term basis under controlled conditions, this would be very unlikely under wild conditions when

they have to face high immunity, stress and foraging costs.

Choice of the food items

Moreover, our studies were mostly based on seeds and as suggested by the quite low reproductive
success of the study 4 (even in the best crop-association groups), it appears that feeding hamsters
with two types of seed, even when supplemented with earthworms, is not nutritionally sufficient
during the reproductive period. Indeed, even in the 3 best crop-associations (Wheat-Soybean,
Maize-Radish and Maize-Sunflower), the reproductive success was quite low for this species, given
the low parturition rates of females in the W-Soy diet (40%), and the small litter-sizes of females
in the M-Sunf and M-Rad diets (2 pups/litter at weaning). This suggests that a food item is
potentially missing, likely green parts of plants (i.e. ‘weeds’) given their intensive consumption in
spring/summer recorded in older literature in the wild (Gorecki & Grygielska 1975). This
assumption is supported by the results of the study 3 where hamsters consumed a very large

proportions of adventive plants during reproduction and where the greater diversity observed in
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the mixed enclosures (compared to monoculture enclosures) was associated to a better

reproductive success.

Artificial mating system and studies under controlled or small-scale conditions

Another point that needs to be considered is the artificial mating of our experiment, with each
male being randomly paired with a female. In the wild, males are polygamous and visit the burrow
of the females (Nechay et al. 1977; Fenyk-Melody 2012) starting at emergence from hibernation
and until late July. If females are receptive, then mating occur (Vohralik 1974). Otherwise the male
is chased out of the burrow (Nechay et al. 1977). Given that mate choice and males quality affect
reproductive success (Davies 1989; Insel & Hulihan 1995; Webster et al. 1995; Bergstrom & Real
2000), the artificial mating process implemented in captive conditions might therefore impact
hamsters’ reproductive success. However, given that the same set-up was used between the

different diet groups, this should not have affected the differences observed between the diets.

Results of all these studies would therefore benefit to be confirmed by large-scale experiments in
the wild. Indeed, the experiments carried-out in outside enclosures (study 3) highlight that, despite
what was found in captive conditions in the study 2, wheat was not more favorable than maize for
hamsters’ reproductive success. This result is potentially due to increased costs associated to
varying time and energy budgets in semi-wild compared to captive conditions, that could affect
hamsters’ trade-offs between reproduction and self-maintenance (Stearns 1992). Therefore,
results obtained in the study 4 — regarding the favorable crop-associations to the hamster — would
ultimately have to be complemented by semi-wild or wild experiments to confirm their benefic
effects onto the hamsters’ fitness. Regarding results of the study 3, they would gain to be
confirmed by large-scale experiments. Indeed, the scale (i.e. the size of the plots) and the spatial
structure in this experiment are not entirely representative of the agro-ecosystems. Given that
insects and the European hamster can be expected to strongly respond to landscape structure and
processes (Benton et al. 2003; Marshall et al. 2006), this could affect, and likely compound with
the results obtained in the study 3. However, even though large-size field experiments could allow
to deepen the results observed in these studies and to investigate and better understand the

underlying mechanisms and the complexity of the biotic and abiotic factors affecting hamsters’
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population in the French agro-ecosystems, data of recent/current field investigations already tend

to support our findings.
b) Data from the field supporting our results

Maize consumption and maternal infanticide

The French National Hunting & Wildlife Agency (ONCFS) is conducting survey on hamsters’
population in the Alsace since 1999. They have mostly worked on investigating for burrow number
to estimate the population size of the species and since 2013, with the launch of the ALISTER
program, they started to investigate for the effects of farming practices on females’ reproductive
success. Recent data from their field investigations bring several evidence of females and pups
feeding on maize, specifically from pictures taken by camera-traps (Figure 18). These pictures
highlight that hamsters consume as well green part of the plants (Figure 18a) as seeds (Figure 18b,
c and d). They also pinpoint that maize can be consumed at different stage of the life-cycle and at
different seasons (spring and summer) and that it is hoarded in later summer/fall (Figure 18c and
d). They are also known to feed on maize seeding in April (Gorecki & Grygielska 1975; Nechay et
al. 1977).
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© Charlotte Kourkgy - ONCFS
\
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Figure 18: Pictures of hamsters eating maize in the fields (Alsace, France). In (a), a female eating the
green parts of the plant (spring). In (b) a corn cob excavated by a hamster from its burrow after
harvest (July 2016) in a wheat field. In (c) an adult and in (d) a juvenile bring corn cobs into their

burrow (late summer). © Charlotte Kourkgy — ONCFS.
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Although the quantity of maize in hamsters’ diet in French farmland remain to be determined,
these pictures undoubtedly show that hamsters are feeding on maize at different periods of the
year and are also hoarding maize cobs in their burrow. Recently, some cases of
cannibalism/infanticides have been recorded in a maize field in the Alsace (Figure 19). The
observation shown in this figure 19 is obviously anecdotal and does not give insight on the
propensity of this behavior in maize fields but still pinpoints that the results of the study 2 appear

to concord, at least partially, with some events observed in French farmland.

Ep

Figure 19: Female hamster eating her progeny in a maize field in Alsace (France). © Charlotte

Kourkgy — ONCFS.

Reproductive success of wild hamsters in the Alsace

The average litter size of wild hamster females in 2014 in the Alsace region was of 2.5+1.4
pups/litter (Kourkgy & Eidenschenck 2015) which echoes the average litter size of females from
the study 2 (2.4+1.2/litter), fed on diets mimicking the ones of wild hamsters in current French

farmland. However, the litter-size might not be the most reliable proxy to compare results in
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captivity and in the wild. Indeed, in the field, the litter size is currently estimated by camera-traps
(see Figure 20) at proximity of the burrows and might under-estimate the number of pups per litter
(Kourkgy & Eidenschenck 2015). Indeed, each burrow has several exits (see Figure 7, page 36) and
the pups, that are not morphologically distinguishable, do not necessarily exit altogether, and often
disperse before being all captured to be marked. Therefore, the number of litters/female appears
to be more reliable to compare reproductive rate between captive and field studies. It is estimated
to be of 0.75 litter/female in Alsace (Kourkgy & Eidenschenck 2015) and ranged from 0.7-0.9
litter/female in our studies, which remains extremely similar and highlight a reproductive rate well
below the rate of the species in Europe (historically: 2-3 litters/female (Nechay et al. 1977),
currently from 1.6 to 2.2 litter/female) or of captive females fed on a conventional diet (1.8-2.2
litter/female in our breeding unit). However, given that we rarely reproduce females three times

in our breeding-unit, this last number needs to be interpreted cautiously.

© ONCFS

Figure 20: Camera trap device (left) placed at the entrance of the burrow to detect the pups exit

(right). Extracted from (Kourkgy & Eidenschenck 2015)).

c) Research perspectives
As indicated above, some analyses from the study 4 are ongoing, namely regarding hamsters’

hormonal and oxidative status during hibernation and reproduction depending on their respective
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diets. These data should provide more information which would allow to have better idea of the

trade-offs faced by hamsters during this experiment.

Seed conservation in the burrow

Regarding the crop food items per se, studies investigating for seeds conservation in wild
conditions are essential, even more given the increasing winter rainfall recorded in the study 1 that
could affect food moisture in the burrow. For example, moldy maize is containing mycotoxins such
as the T2-toxin (Schoental 1978), which is known to cause important cardiovascular lesions and
tumors of the digestive organs and of the brain in rats, similar to those described in Pellagra.
Moreover, the symptoms caused by this mycotoxin are aggravated in individuals of low nutritional
status (Schoental 1978). Therefore, seed conservation appear to be a major parameter of hoard
quality and it would be important to favor food items that can prevent the deterioration of the
hoards to guaranty a good hibernation. Further studies should also focus onto integrating other
food items in the “hoards” during hibernation, such as tubers (potatoes, beets...) known to be part
of hamsters’ diet and hoards during winter from historical records (Nechay et al. 1977). There is
also a need for more information on the nutritional properties of germinated parts of plants ant
their importance for the hamster, especially in spring. Therefore, future studies should aim at
investigating this aspect and namely in which extent weeds such as dandelion (greatly consumed
by the hamster in the past (Gorecki & Grygielska 1975) could improve the reproductive success of

the species.

Diet composition of wild hamsters in the Alsace

Regarding studies in field conditions, the ONCFS is currently conducting investigation on the effects
of the protective cover on the behavior and the mortality rates of the species and on the effects
of innovative agronomic techniques (aiming to increase the diversity of the cover in farmland) on
its reproductive success. In this context, research should also aim at investigating for the diet of
the species, using investigation of pouches composition (Hufnagl et al. 2010) or more reliably using
stable isotopes (Ben-David et al. 1997; Dalerum & Angerbjérn 2005). Another central parameter
that should be investigated is the effects of agricultural techniques and monotonous diets on the
immune system of the hamsters, which has been largely uninvestigated up-to-now. Intensive

agriculture and monotonous diets are known to have reduced the immunity of bees and bats,
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leading to major collapse in their populations (Blehert et al. 2008; Allen et al. 2009; Goulson et al.
2015). Given that blood sampling are carried-out at each capture (~300uL), | would recommend to
use part of this blood to investigate for antimicrobial capability of blood (Kriengwatana et al. 2014)
or the immune challenge faced by the hamsters (Lochmiller & Deerenberg 2000). However, even
though more studies are needed on the effects of monoculture crops on the fitness of this species,
and onto how it can affect its reproduction, its immunity, its behavior or its mortality rates, given
the size of hamsters’ populations in France it appears urgent to implement some of the results in

the studies 1-4 into the current conservation plans for the species.

3. Applied perspectives and recommendations for the conservation of the European
hamster: how to improve maize and wheat monocultures?

In this section | will develop some recommendations for the conservation of the European hamster

based on the results of the studies 1-4. More specifically, | will present different options to improve

maize and wheat monocultures and more broadly the agricultural landscape in the Alsace.

a) Conventional maize and wheat monocultures in the Alsace
Maize is sown by mid-April in the Alsace and only starts to present a cover between May and June
(Figure 21a). Therefore, when hamsters emerge from hibernation (in April), they have no
protective and feeding covers, for up to 2 months. Maize is subsequently harvested in October and
the plots are usually left uncultivated during winter and in most of the cases, they are sown again
with maize in spring (in 73% of the cases, 6-7 years of maize are cultivated successively (Revel-
Mouroz 2015)). Wheat, on the other hand is usually sown in December (i.e. hamsters hibernate at
this period) and by the end of March, it presents a cover ranging from 30 to 60 cm height (see
Figure 21b). Wheat is harvested during the first half of July (i.e. during the hamsters’ reproductive

period) and in most cases the plot is left uncultivated for maize sowing the next spring.
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(a)

Figure 21: Pictures of maize fields (a) and wheat fields (b) in the Alsace. Pictures are represented
from March to June for maize in (a), and from April to August for wheat in (b), to highlight the

critical periods for the hamster in both crops. © Charlotte Kourkgy — ONCFS
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b) Improving these monocultures: different solutions

Several options/approaches can be used to improve maize and wheat monocultures and to prevent
for the occurrence of the behavioral and reproductive problems recorded in the studies 2-4. These
approaches could consist into i) restoring crop rotations and inter-crop covers, ii) restoring field

margins or iii) developing techniques allowing to sow maize or wheat inside another cover.

Restoring crop rotations and inter-crop cover

Crop rotations have disappeared from agricultural landscapes during the Green Revolution (Naylor
1996; Evans 1997). In the Alsace, the three main cropping system are: a) no rotation (7 years of
maize in a row), b) 6 years of maize + one year of wheat and c) 6 years of maize + 1 year of beat
(Revel-Mouroz 2015). Given that rotational cropping systems are beneficial for farmland
biodiversity, but also for fixing soil Nitrogen and for soil stability and fertility (Heckenbenner & De
Pontbriand 2011; Kremen & Miles 2012; de Vries et al. 2013), the restoration of crop rotation is

therefore a central approach of ecological restoration in agro-ecosystems.

Regarding wheat, based on the results of the study 4 and on data on inter-crops cover
(Heckenbenner & De Pontbriand 2011; CARA Bourgogne 2012), | would recommend the rotation
described in Figure 22 (adapted from (Heckenbenner & De Pontbriand 2011; CARA Bourgogne
2012), which would allow hamsters to make hoards similar to the favorable wheat-soybean crop-
association in the study 4, whereas benefiting farmland wildlife as a whole. Moreover, given the
low reproductive successes observed in the study 4 suggesting that hamsters need adventive
plants during reproduction, work needs to be done to increase their occurrence in farmland. They
could be derived from either organic farming or agro-ecology, where the use of herbicides to

destroy the intercrop covers is replaced by mechanical destruction.
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a) Wheat rotation

Inter-crop (Mustard + Clover + Vesce + Winter forage pea)

Year n I January I February I March I April I May I June | July l August I Septemb. I October I Novemb. I Dec. l
... Inter-crop cover S i Soybean
’ i
0 S 0 R A i R iR s e e s
Year n+1 | January | February I March I April | May I June I July l August | Septemb. | October I Novemb. | Dec. l

b) Maize rotation

Inter-crops (Oat + Vesce + Sunflower + Radish)
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Year n I July I August I Septemb. I October INovemb. I Dec. I.Ianuary I Februarvl March I April I May I June l
Inter-crops (Oat + Vesce + Sunflower + Radish) wing Sunflower
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0 |
Year n+1 | July I August | Septemb. I October | Novemb. I Dec. I January | February | March I April | May I June |

Figure 22: Examples of recommended crop rotations with wheat (a) and maize (b). Dates of sowing
are taken from (Acta - Les institus techniques Agricoles 2017) and inter-crop cover compositions
are adapted from results of the study 4 and (Heckenbenner & De Pontbriand 2011; CARA

Bourgogne 2012).

However, even though these crop rotations associated to inter-crops would allow to increase the
crop diversity at the landscape level or throughout the year, they do not fix the problems of a lack
of cover in spring before maize sowing or in summer after wheat harvest (Figure 22). This is mostly
owing to the fact that the inter-crop cover has to be destructed 2 months before sowing spring
crops (Heckenbenner & De Pontbriand 2011), which takes several weeks to grow. Regarding
wheat, these inter-crops are generally sown in July, after harvest, and by the time they grow,
farmland wildlife would already face predation or feeding issues. Therefore, crop-rotations are not

sufficient in solving the problem of a lack of protective and feeding cover for farmland wildlife and

148



| » Thematic 1 — Chapter 4: From eco-physiology to conservation: limits, perspectives and recommendations

would need to be associated to the restoration of field margins (that would allow both protective
and feeding covers after harvest or until the crop grows) or the sowing of spring crops inside the

winter inter-crop cover.

Restoring field margins

In order to enhance biodiversity in farmland, many research recommend to restore edges (Young
2000; Rey Benayas et al. 2008) and field margins (Backman & Tiainen 2002; Marshall & Moonen
2002; Vickery et al. 2009), beneficial for a wide range of species. However, these margins are
known to be both beneficial and damageable to crop yields. Indeed, they can be a source of weeds
(that would spread into crops) or of faunal pest species. Nonetheless, if diverse, they might also be
reservoirs of a variety of pollinators or of natural enemies to pests, both beneficial to crop yields
(Altieri 1999; Marshall & Moonen 2002). However, despite their important role in providing nesting
sites and protective cover from predators for many farmland birds and small mammals (Wilson et
al. 1999; Marshall & Moonen 2002), field margins can also, in some cases, attract predators (Altieri
1999) and would therefore become detrimental. Therefore, it is of the upmost importance to adapt
the field margins to: a) the field size, b) the landscape structure (mainly the mosaic of crops already
implemented in the landscape), c) the type of crop and d) the known interaction/competition
between the targeted monoculture crops to improve (e.g. maize or wheat) and the sowing to use

for the margins.

Regarding wheat and maize monocultures in the Alsace, the recommendations made below take
into account the results of the studies 3 and 4 of this manuscript, associated to the results of several
studies/reviews on the brown hare (Petrovan et al. 2013), pollinators (Backman & Tiainen 2002;
Decourtye et al. 2010) and farmland birds (Vickery et al. 2009). Based on all these studies, and
given the relatively small size of the fields in the Alsace (i.e. 1.5 ha on average), | would recommend
the implementation of field margins ranging from 3-5 meters width, with a minimum of 4-5 species
in the margin-sowing (e.g. see Table 6). The sowing should at minima contain soybean for wheat

field margins, and sunflower + radish for maize field margins.
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Vesce and Rape

forage pea

M it Plot’s Margin’s S Bariod 2
onoculture size width owing erio
>1 ha 5 meters | Radish, Alfalfa, Soybean, Clover, )
. Fall & Spring
Wheat Winter oat and , Poppy, Sorghum
<1ha 3 meters Winter Summer
forage pea. & Sunflower
>1 ha 5 meters Radish, Sunfl., Summer Barley, Radish, Winter
Maize <1ha 3 moters Buckwheat, g Fall Alfalfa & Winter Spring

Table 6: Examples of sowing for wheat and maize field margins. Recommended minimum margin’s

width are given for plots of less than 1 ha and for plots of more than 1ha.

Nonetheless, given the important inter-relations between crop management, margins quality and

the fauna and flora diversity, the relatively small size of these margins, or the importance of

landscape structures in ecological processes, the restoration of margins is just one of many

approaches to improve biodiversity at the local scale. Moreover, one type of margin cannot cover

the need for all taxa at all season (Benton et al. 2003; Vickery et al. 2009). Therefore, it appears

undeniable that the restoration of field margins cannot be a substitute to other approaches aiming

at improving agro-ecosystems by re-implementing techniques more

respectful

of the

environment, and which would allow to sow a crop directly inside another crop (e.g. maize inside

a winter inter-crop cover, or a summer inter-crop cover inside wheat).

c) A promising technique to sow maize and wheat inside another cover

Approach: the strip-till technique

Such an example of technique is the strip-tillage, or ‘strip-till’. This technique, consists into plowing

the soil only on the sowing line (Figure 23) (Dobrecourt et al. 2012). Several variants of this

technique exist, with different depth and period of tillage. This technique, developed in the US, has

been largely used to sow a spring crop (corn or soybean) into a winter crop (Baker & Griffis 2005;

Halvorson et al. 2011). In the fall, a tillage operation takes place during which a narrow strip in the

center of each row is tilled, whereas the residues are left in place. In the next spring, seeds are

planted into the bare, tilled strips (Baker & Griffis 2005). In addition, localized application of

fertilizer can be implemented, or a vegetative cover can be sown in the inter-lines. The
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implementation of this technique need to be studied and adapted to each crops, soil types and

climates to find proper associations of crops that would not concur for soil nutrients and water.

Figure 23: The strip-till technique. © ALISTER - CARA

In the framework of the ALISTER project, the Alsacian Agricultural Agency (CARA) has worked onto
the development of the strip-till to improve maize and wheat monocultures in the Alsace. For 3
years now, they have conducted agronomic testing to associate clover or a mix between oat and
clover (and in some cases sunflower) to maize and wheat. For maize, these associations have been
conducted using the strip-till technique. For wheat, they have been conducted by implementing
clover directly inside wheat or by sowing a multi-species inter-crop just after harvest (see Figure
24). Part of this work has been done in collaboration with the French Wildlife Agency (ONCFS),
responsible of hamsters monitoring in the wild. One of the main goal was to investigate whether
these approaches would benefit the hamster in terms of reproductive success and survival.
Therefore, the ONCFS monitored hamsters inside ‘improved field plots’ and inside ‘conventional

field plots’ (see examples on the Figure 24).
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Conventional ‘Strip-till’ maize
maize (June. 2016) (June. 2016)

| |
Conventional ‘Strip-till’ wheat
wheat (Sept. 2016) (Sept. 2016)
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Figure 24: Pictures illustrating conventional maize (top-left) and improved maize by the strip-till
technique (top-right) as well as conventional wheat (bottom-left) and improved wheat (bottom-
right), in which a multi species intercrop has been implemented (< than 10days after harvest). ©

ONCEFS

Data regarding the effects of this strip-till approach on the hamsters’ fitness are currently under
analyses. In parallel, the group of protection of mammalian species in the Alsace (GEPMA) has
conducted, in partnership with the league for bird protection (LPO), a survey of the farmland
skylark (Alauda arvensis) to investigate whether the strip-till could benefit this bird species. Finally,
in collaboration with the ONCFS and the CARA, | have also developed a survey on collembolla, soil
invertebrates that are important eco-indicator of the soil quality and fertility. This analysis was
developed in collaboration with Cédric De Vigne (Université Catholique de Lille), specialist of

collembolla and carapid species. Data are shown below (Table 7).

SPECIFIC RICHNESS ABUNDANCE
FIELD SITE Conventional Strip-till Conventional Strip-till
ALTORF 5 12 13 52
ERNOLSHEIM 5 13 12 81
OBERNAI 12 13 30 84
OBERNAI 2 5 13 7 53

Table 7: Specific richness and abundance of collembolla in conventional and ‘strip-till” maize fields

in 2016.

These data highlight the major benefits of the strip-till on these arthropod species. Indeed, we can
observe that the specific richness of collembolla is up to 2-fold greater whereas collembolla

abundance is 3-fold to 4-fold greater in strip-till compared to conventional maize fields.

Applications and recommendations for the strip-till
Based on the results of the studies 3 and 4, and in order to improve wheat monoculture, the strip-
till can be used to implement the wheat-soybean association. This approach is currently being

tested by the CARA, in collaboration with a farmer: wheat has been sown in 3x3 m plots in the
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winter 2016-2017. In the early spring 2017, the strip-till will allow to plow lines in this winter wheat,
in preparation for soybean sowing in April. If the technique appears successful (allowing good
wheat and soybean yields), this will be applied onto real-size plots and associated to a hamster
monitoring. The advantage of this association is to provide: i) an agronomic and economic interest
for farmers, ii) a benefit for hamsters (and potentially other farmland animals) and iii) a good
combination of crops (one winter crop and one spring crop), easily combinable and likely not in

competition for nutrients and water.

Regarding maize, based on the results of the studies 2-4 and as indicated above in this chapter, |

would recommend to sow a mixed-cover between the lines of maize containing at minima

sunflower and forage radish. One
example of mix-sowing could be the
association between forage radish +
oats + white mustard + phacelia +
sunflowers to be sown in September.
This sowing has been developed for

spring sunflower by SLY France and a

conservation agriculture association

named ‘Biodiversity, Agriculture, Soil

R, & 2 R NN g
Figure 25: picture of a strip-tillage in a cover of forage ~2nd Environment” (BASE) (Zinkand

radishes, oats, white mustard, phacelia, sunflowers and 2012). This example is illustrated on

legumes adapted to spring crops. © SLY France theadjacent Figure 25.

The three sisters

Another option for improving maize would be to focus on the implementation of the strip-till based
on the ‘Three Sisters’. This ancestral technique (see Figure 26) developed and used by Native
Americans to grow corn consists into associating corn (maize), beans and squash. From a
mechanistic point-of-view, the beans develop by climbing onto corn, which offers corn with a
better stability. In parallel, the squash covers the soil which benefits corn by providing an ecological

‘lute’ against weeds and maintaining a soil humidity (preventing corn from desiccation during
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periods of drought). Moreover, beans and squashes provide natural nitrogen inputs avoiding the
use of fertilizers. Finally, the association of these three crops also led to the creation of the ‘Three
Sisters Squash’ soup, which associates beans, maize and squashes. This meal has likely been

developed by Native Americans to prevent the occurrence of Pellagra (Brenton & Paine 2000).

(a)

Direct-Sow, Easy-to-Grow:
The Ancient Three Sisters Method

Figure 26: The Three-Sisters (corn, beans and squash), an ancestral agronomic method (a) and a

potential innovative agro-ecological technique (b). © google images.

This method has largely been considered as ‘un-adapted’ to current agricultural approach, as it is
often associated to ‘companion planting’ or ‘companion gardening’. However, the strip-till
approach provides a good opportunity to try associating these crops in a same field, with some
variants from the original Native American technique. For example, in Southern France, corn is
cultivated in association with white beans (called the ‘corn beans’ (Coopérative du Haricot Tarbais
2012)). In Mexico, a recent outbreak of this approach has recently been observed, under the
‘Milpa’ designation (Birol et al. 2007; Bermeo et al. 2014). Interestingly, the Rodale Institute (which
promotes organic agriculture) also introduces sunflower as the optimal ‘Fourth sister’ to be

associated with beans, squash and corn (Rodale Institute 2013). This opens the path to promising
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experimental tests regrouping these four crops to preserve the European hamster and other

farmland biodiversity in the Alsace.
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1. General approach
With soaring habitat fragmentation, ecologists are striving to find solutions to restore ecological
corridors and to reconnect isolated populations. One measure consists in building wildlife
underpasses or bridges to allow animals to safely cross motorways. But the size and shapes of
these passages are generally not adapted to the crossing of small mammals. Moreover, wildlife
underpasses and culverts are known to be used by these species but also by their predators.
Therefore, in order to prevent these passages to become ecological traps, we built an anti-
predation device to ensure the safe crossing of small mammals. This device was specifically
developed to facilitate and secure the crossing of the European hamster (Cricetus cricetus). The
implementation of this kind of new prototypes could be divided into different phases: 1) the lab
tests of basic design features (study 5); 2) the validation of the prototype efficiency under
controlled conditions (study 6); 3) the real-size field tests and the large scale tests under field
conditions and 4) post-construction monitoring. | address the point 3) in the chapter 6 (box 4)
whereas the points 4), which is developed in collaboration with Jonathan Jumeau (a PhD student)

is briefly developed in the chapter 7 of this manuscript.

In the study 5, | present the prototype of our anti-predation device, its spontaneous use by
captive hamsters and how it could serve as a ‘specific passage’ facilitating the safe crossing of
small animals in wildlife underpasses. Three batches of tests were conducted to select for the
anti-predation prototype which maximized the crossing of hamsters of various body sizes and
body masses (see Figure 27). The study 6 features European hamsters’ perception of predation
and confirms the efficiency of our anti-predation prototype under controlled condition. In this
study, the hamsters’ response towards cats’ urine and the presence of a predator (the European
ferret, Mustela putorius furo) was investigated. We also tested whether the presence of this
predator indeed pushed hamster to use the anti-predation device as a refuge. In that aim, two

experiments were carried-out: one with a ferret in a cage, and the second with a mobile ferret).
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A potential solution?

An anti-predation device to facilitate and secure the crossing of small mammals in motorway wildlife passages

(1) Lab tests of basic design features
Tissier M.L., Jumeau J., Croguennec C., Petit O., Habold C. & Handrich Y.

i

Figure 27: graphical abstract summarizing the approach and the tests carried-out in the study 5. In
a first step (1 and 2), we investigated for the best features (shape and size) of the anti-predation
device. Then (3), we studied whether hamsters spontaneously used the device in an arena
mimicking a wildlife underpass under a predator-free condition. All these tests were carried-out

under controlled conditions.

2. Summary of the main results and short discussion

The anti-predation device developed and described in the study 5 is of the sub-tunnel type,
mimicking the galleries of the European hamster in the wild (Marquet 2014). The different tests
conducted allowed us to select for an anti-predation tube (‘APT’) with a 10 cm-diameter, a
curved shape and lateral openings, optimizing the crossing (number, speed and turn-over) of a
large body-size range of hamsters. The different tests conducted in the study 6 highlight that
hamsters showed many behavioral characteristics of boldness (Réale et al. 2007): inspection of
the predator, aggressiveness, mobbing, direct attacks towards the predator (only in males) and
finally high latency before going into a refuge (i.e. the APT). We found great inter-individual
differences in the use of the APT by hamsters (which could not solely be explained by the sex of
the individuals). However, most of the individuals did not use the APT when the predator (i.e. the

European ferret) was in a cage at proximity. They rather spent significantly more time close to
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the predator. These behavioral responses could highlight that the hamsters did not perceive an
actual risk of predation, possibly because the predator was ‘non-mobile’ (limited by the cage).
Moreover, a study has shown that golden hamsters were able to perceive whether the predator
were previously fed on hamsters, mice or chicken (Apfelbach et al. 2015). Given that in this
experiment, the ferret was fed on a conventional diet, hamsters’ response could also be an
artefact of this methodology issue. Therefore, we conducted another experiment in which the
ferret was mobile, and therefore able to pursue the hamster along the passage. To prevent from
any aggressions between the ferret and the hamsters, they were always separated by a
horizontal grid (implemented all along the passage). Moreover, the ferret was fed with a piece of
hamster corpse every morning prior to the experiment. In this last experiment, we found that the
hamsters’ response towards the ferret has changed. Indeed, under these conditions, hamsters
significantly increased their use of the APT compared to the predator-free condition, although
they still displayed aggressive behaviors and a consequent latency before entering the APT.
Taken altogether, these results highlight that the hamsters’ behavioral responses towards
predation are sex and context dependent, obviously influenced by the predator’s diet and

mobility, which are likely influencing its motivation to trap hamsters.

The results of these two studies therefore bring new information on the hamsters’ response
towards predation in captive conditions, and highlight the boldness of this species. However, the
observed responses of the hamsters in these captive conditions might not reflect their response
in an actual wildlife underpass. Moreover, we failed to explain some of the inter-individual
differences observed in our population by the sex or the mass of the individuals. Therefore, two
main questions arise: 1) how to explain the differences of behavioral reactions when faced to
predation cues at the intra-species level? And 2) would the APT really allow the restoration of a
connectivity in the wild, i.e. increase the dispersion rates throughout the underpasses and
reduces the predation rates? These two questions will be addressed in the chapter 6 (box 3 and

box 4) of this manuscript.
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Study 5 — The anti-predation tube (ATP): lab tests of basic design features.

Published *

A domestic cat eating a common vole captured
inside a wildlife underpass — Alsace (France)

A European hamster nesting inside a
wildlife underpass — Alsace

-

© Jonathan Jumeau

! Tissier M. L., Jumeau J., Croguennec C., Petit O., Habold C. & Handrich Y. (2016). An anti-predation device to
facilitate and secure the crossing of small mammals in motorway wildlife underpasses. (1) Lab tests of basic design
features. Ecological Engineering, 95, 738-742
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A great number of wildlife underpasses are used to mitigate the environmental impact of urbanization
and road infrastructure expansion, thus restoring ecological connectivity. However, the simultaneous use
of these structures by small mammals and their predators could result in increased predation rates in
these passages or lead small mammals to avoid using them. This would be particularly harmful to small
populations or threatened species such as the European hamster (Cricetus cricetus). To overcome this
problem and to provide lateral escape opportunities along the length of the underpasses, we developed
an anti-predation tube. We tested the features (shape and size) of this device under laboratory conditions
Fragmentation and validated its use by captive European hamsters. Our results reveal that the optimal anti-predation
Conservation tube has a diameter of 10 cm, a curved shape and lateral openings. This device will be tested under field
Road conditions to validate its efficiency to protect small mammals using wildlife underpasses. If confirmed,
Highway this system could considerably improve crossing conditions in bigger tunnels and on bridges such as

Keywords:
Underpasses
Cricetus cricetus

agricultural under- or overpasses, which have been unsuitable for small animals until now.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The high demographic growth of human populations has pro-
duced soaring urbanization and road infrastructure development
since the beginning of the 20th century (Seiler and Folkeson,
2006), causing substantial habitat loss. The development of the
road infrastructure entails the accidental killing of animals by vehi-
cles and causes fragmentation, leading to the isolation of wild
populations, the loss of genetic diversity and border effects with
a consequent repercussion on population dynamics and survival
(Coffin, 2007; Frankham et al., 2002; Haddad et al., 2015). These
negative effects are particularly harmful to endangered or small
populations (Frankham et al., 2002; Jaeger and Fahrig, 2004), which
are highly sensitive to environmental stochasticity (Courchamp
et al., 1999; De Roos et al., 2003).

* Corresponding authors at: Université de Strasbourg, IPHC, 23 rue Becquerel,
67087 Strasbourg, Cedex 2, France.
E-mail addresses: mathilde.tissier@iphc.cnrs.fr (M.L. Tissier),
jumeau.jonathan@gmail.com (J. Jumeau).

http://dx.doi.org/10.1016/j.ecoleng.2016.07.012
0925-8574/© 2016 Elsevier B.V. All rights reserved.

The European hamster (Cricetus cricetus) is one such species. It
is critically endangered in Western-Europe (Villemey et al., 2013),
and the French area of this species (i.e. in the Alsace Region) has
decreased by 94% since 1972 to current levels of less than 1500
individuals (Reiners et al.,2014). The road transport network devel-
oped at an alarmingly high rate during the same period (Carsignol,
2006, 2005; Saussol and Pineau, 2007). In Alsace, a major motor-
way project is currently underway in one of the relict population
core areas of this species (Dantec, 2014). In order to avoid the iso-
lation of wild individuals and take mitigation and compensation
measures for road construction, wildlife under- and overpasses
have been built to restore connectivity in Alsace (DREAL, 2011;
Gilbert-Norton et al., 2010; Saussol and Pineau, 2007). These struc-
tures — and other non-specific passages such as culverts, which
are known to be suitable for the crossing of small mammals (Mata
et al., 2008) — allow the dispersion and migration of a wide range
of species (Carsignol, 2006; Forman et al., 2002; Mata et al., 2008).
The simultaneous presence of prey species (e.g. small mammals
such as rodents and shrews) and their predators (i.e. fox, cats,
mustelids) in wildlife underpasses (Carsignol, 2005; Grilo et al.,
2008; Little, 2003; Little et al., 2002; Mata et al., 2008) entails an
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Fig. 1. Experimental design to validate the optimal shape and size of the APT. The three diameters and two shapes tested in Experiment 1 (6 combinations) are shown in A.

The design in which each hamster was tested for the 6 combinations is shown in B.

increased predation risk for small mammals using these infrastruc-
tures. Consequently, small mammals may avoid these underpasses
(Ruiz-Capillas et al., 2013) which might become potential ecologi-
cal traps (Little, 2003). Although this idea has been widely debated
(Little et al., 2002), particularly with regard to large mammals, very
little is known regarding rodents. In the specific case of endangered
species, the risk of possible predation cannot be ignored. A variety of
road-crossing structures are available, and those targeting aquatic
organisms and amphibians are apparently much more prevalent
than those designed for terrestrial animals (Ward et al., 2015). More
attention should thus be paid to providing suitable crossing struc-
tures for terrestrial animals. As indicated by Mata and collaborators
(Mata et al., 2008), the adaptation or enrichment of culverts should
not be ignored given the significance of these structures for certain
species (such as badgers or small mammals) and their relatively
low cost.

In this context, we developed a “sub-tunnel” type anti-predation
device, i.e. a small tube to be placed inside the passages that mimics
the natural galleries used by wild European hamsters. This article
presents the tests carried out in captivity to determine the optimal
features of this anti-predation tube (APT) and determine whether
hamsters use it spontaneously. This is the preliminary step before
field tests and the potential recommendation to implement this
type of device on a large scale. The APT should ultimately enable
hamsters and other small mammals to avoid or escape any preda-
tors they encounter in the passage by either using the APT for the
entire crossing (avoidance) or by entering this tube through lateral
openings whenin danger in the underground passage (escape). This
APT has been developed as part of a conservation program (LIFE+
Alister) for the European hamster in France which aims at restoring
the connection of wild populations of the species in Alsace, France.

2. Material and methods
2.1. Animals and husbandry conditions

The experiment was performed on 18 unrelated captive Euro-
pean hamsters (9 males and 9 females). Males weighed on average
443 +139.9 g and females 352.8 4+ 66.9 g. Individuals were housed
in transparent Plexiglas cages (420*265*180 mm, D*W*H) and their
environment was enriched with wood and shredded paper. Ani-
mals were provided with an ad libitum supply of water and food
pellets (N° 105, from Safe, Augy, France). The experimental pro-
tocols followed EU Directive 2010/63/EU guidelines for animal
experiments and the care and use of laboratory animals, and were

approved by the Ethical Committee (CREMEAS) under agreement
number 02015033110486252 (A PA FIS#397). 01.

2.2. Experiment 1: shape and size of the APT

The goal of this first experiment was to find the ideal size and
shape of the APT. We aimed to create a device that would not affect
the crossing of animals larger than hamsters, and would be inac-
cessible to relatively small predators. Consequently, it had to be as
small as possible whilst allowing the crossing of small mammals of
various sizes, including the European hamster, which is one of the
largest rodents in France (Fenyk-Melody, 2012). The device should
also be low cost and easy to clean for a widespread use in wildlife
underpasses and culverts. European hamster galleries in the wild
vary inshape, and diameters range from 4 to 10 cm (Marquet, 2014).
We therefore tested two shapes and three diameters of plastic PVC
tubes (Fig. 1A) using the device shown in Fig. 1B (based on the
Chiaroscuro tests in rodents). This first experiment used unperfo-
rated 50 cm lengths of tube. A sample of 10 hamsters (5 males and
5 females) of varying corpulence (from 249 g to 608 g) was used
for this experiment. Each hamster was randomly tested for the 6
combinations of tubes for 5 min in each tube (60 tests in total) and
were never tested twice on the same day. Each subject was placed
at one end of the tube (E1, see Fig. 1B) while appetizing food items
(onions and carrots) were placed at the other end (E2, see Fig. 1B)
to motivate the animals to cross the tube. The device was cleaned
with ethanol after each trial. The experimental design was set up on
a transparent table to enable filming during the tests, which were
carried out in low light conditions (20W-light bulb) and at ambient
temperature (19°C+2°C).

2.3. Experiment 2: spontaneous use of the APT

The goals of this second experiment were to test whether ham-
sters spontaneously used the APT and the lateral entrance/exits.
Our APT prototype consisted of 2.78m-long sections of PVC tub-
ing with a diameter of 10 cm (see 3.1 of Results section for further
details). Holes of the same diameter were cut on alternate sides of
the tube every 1 m to allow the lateral entrance/exit of individuals.
The device was then placed in an artificial enclosure that repro-
duced the shape of a classic wildlife underpass (1 m wide x 0.40 m
high x 3m long; Fig. 2). Eight hamsters (4 males and 4 females)
were randomly placed in the enclosure for habituation one day
before the trials. Each individual was then randomly tested for
12 minin 3 conditions (see Fig. 2): left (L= the individual was placed
in the enclosure, on the left of the anti-predation device), right
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Fig. 2. Experimental design to validate the use of the APT by European hamsters
(Experiment 2).

(R=the individual was placed on the right of the anti-predation
device) and middle (M = the individual was placed inside the anti-
predation device). After each trial, the enclosure and the device
were cleaned with ethanol and the room was aired. Experiments
were carried out and filmed under low light conditions and at an
ambient temperature of 22 °C.

2.4. Data analyses

Four variables were considered when selecting the optimal form
and diameter of the APT (test 1, Fig. 1), namely (i) the latency
between the beginning of the test and the first arrival of the ham-
ster at E2; (ii) the duration of the first crossing from E1 to E2 (time
between the first entrance in the tube and the first exit in E2); (iii)
the number of times individuals entered or exited the tube via E1
and E2 (representing the degree of use of the device) and (iv) the
number of partial crossings from the end of the tube (i.e. only the
head or the two front paws entered the tube, indicating a reluc-
tance to cross). Variable (ii) was log-transformed to guarantee the
normality of the residuals. Data were analyzed using a linear mixed
model (LMM) composed of four fixed factors: the diameter and the
shape of the tube, the sex of the individuals and the consumption of
food at E2. The testing order (to control for possible habituation to
the device) and the age of the individuals were included as covari-
ates. As body mass is strongly correlated to the sex and the age of the
individuals in this species (Fenyk-Melody, 2012), this variable was
not included as a covariate in our models to avoid multicollinear-
ity. We controlled for repeated measures on the same individual by
including its identity as a random factor in our models.

When looking at the use of the APT by the hamsters (Test 2,
Fig. 2), we considered 3 different variables: (iy) the time spent in
the tube per hour, (iiy) the latency between the beginning of the
test and the first entrance to the tube via a lateral opening (rep-
resenting the speed of decision to use the device) and (iii,) the
number of times an individual uses the lateral entrances in the tube
per hour (representing the degree of use of the device). Variables
(iy) and (iip) were analyzed using GEE models (Generalized Esti-
mation Equations for variables with residuals that did not follow
a normal distribution; i.e. with binary responses or enumeration).
The (iii, ) variable was analyzed using a linear mixed model (LMM),
using the identity of the individual as a random factor. Three fixed
factors were included in these models, namely the test condition
(“left”, “right” and “middle”), the order of the tests and the sex of
the individuals. For the “middle” condition (in which the hamster
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Fig. 3. Crossing percentage from end E1 to end E2 according to the diameter (6 cm,
8cm and 10cm) and the shape (S1 and S2) of the tube.

was placed inside the APT), the time the individual spent in the tube
before the first exit was excluded from the analyses.

Normality was tested using a Kolmogorov-Smirnov test and
variance homogeneity was checked using the Levene test. Multiple
comparisons were analyzed via post-hoc LSD (least significant dif-
ference) testing. Model selections were carried out parsimoniously
using an ascendant stepwise procedure combined with AICc verifi-
cation (Akaike information criterion corrected for small samples).
Analyses were conducted using IBM SPSS software (IBM SPSS Statis-
tics for Windows, Version 21.0., IBM Corp., Armonk, NY, released
2012), and the significance threshold was set at p <0.05.

3. Results
3.1. Shape and size of the APT (Experiment 1)

A total of 60 tests were carried out on 10 individuals (10 trials
for each type of tube, Fig. 1). Hamsters only used the 6 cm diameter
tube in 1/3 of the 20 tests (Fig. 3, 6S1 and 6S2). For subsequent
analyses we therefore only considered tubes with diameters of 8 cm
and 10cm (i.e. 851, 8S2, 10S1 and 10S2 tubes). When the hamsters
successfully crossed from E1 to E2, they did so without stopping in
98% of cases. Two females turned back, and this occurred four times
in the 10 cm diameter tubes.

The diameter of the tube significantly affected (i) the latency
between the beginning of the test and the first arrival of the hamster
at E2 (Fig. 4A, W=269, p<0.01), which was significantly shorter in
the 10 cm diameter tube. It significantly increased (iii) the number
of times individuals entered or exited the tube viaE1 and E2 (Fig. 4B,
F122=82.629,p<0.01).Finally, it also had an effect on (iv) the num-
ber of partial crossings (indicating a reluctance to cross), which was
higher in the 8 cm diameter tube than in the 10 cm diameter tube
(7.1+£1.9 and 5.3 + 1.9 respectively; F; 13 =7.893, p=0.012).

The shape of the tube affected (i) the latency before the first
arrival of the hamster at E2 (F; 33=5.333, p=0.027), which was
shorter in the S2 tube than in the S1 tube (66.9+12.7s and
111.14+14.4s respectively) and (iii) the number of times indi-
viduals entered or exited the tube via E1 and E2 (Fig. 4B; LMM,
F122=21.027, p<0.01). Finally, (ii) the duration of the first cross-
ing from E1 to E2 was not affected by the diameter or the shape of
the tube (LMM, p >0.05). We found no effects of sex, age or testing
order on the four variables (LMM, p >0.05).

3.2. Spontaneous use of the APT and the lateral entrances/exits
(Experiment 2)

Atotal of 24 trials were carried out on 8 individuals in this exper-
iment. The eight individuals entered the tube in every trial, with
one male refusing to enter the tube in two of its three trials. We
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Fig. 4. Efficiency of the APT according to its diameter and shape (Experiment 1). (A) Latency between the beginning of the test and the first arrival of the hamster at E2
according to the diameter of the tube (8 cm and 10 cm) and (B) Number of times individuals entered or exited the tube via E1 and E2 according to the diameter (8 and 10 cm)
and the shape (S1 and S2) of the tube. The different letters highlight significant differences between the groups (p <0.05).

found inter-individual differences, with individuals entering the
tube on average 351 + 224 s after the start of the trial (total dura-
tion of 720s, see Section 2.3). Hamsters spent a total of 34+32s
inside the tube (9% of the total test time) and made 8 + 7 complete
crossings between the tube and the artificial enclosure. We found
an effect of sex on (i) the time spent in the tube per hour (GEE,
p=0.035), (iiy) the latency between the beginning of the test and
the first entrance to the tube via a lateral opening (F;=29.128,
p <0.01)and (iii, ) the number of times an individual uses the lateral
entrances in the tube per hour (GEE, p = 0.004). Females spent more
time inside the tube than males did (230+133sand 112.54+133s
respectively), entered the tube more frequently (hourly frequency
of 22.45+ 7.4 s for females and 8.79 & 2.5 s for males) and entered
the tube sooner than males did (163.5+49.7s and 480.5+50.6s
respectively for females and males). We found an effect of condi-
tion (M, R and L) on the number of times lateral entrances were
used (GEE, p<0.01): this number was significantly higher in the M
condition than in the two others (Wilcoxon tests, p <0.05).

4. Discussion

The results of these laboratory tests reveal that the 10S2 tube
(i.e. diameter of 10 cm and curved shape) is the most suitable tube
for the anti-predation device. Although the diameter of European
hamsters galleries in the wild varies from 4 to 10cm (Marquet,
2014), we found that 70% of the animals failed to enter the 6cm
diameter tubes, and 30% did not enter the 8S1 tube. Individuals
that failed weighed more than 300g and 400g respectively. We
can therefore conclude that only juveniles or small adults could
use such small tubes. We also found that whatever the shape of
the tube, individuals crossing those with a 10 cm diameter did so
faster and more frequently than individuals using the 8 cm tubes.
Regardless of the diameter, Shape 2 appears to be more appropriate
than Shape 1, and increases the speed of the decision to cross and
the frequency with which individuals use the tube.

As the European hamster is one of the biggest rodents in
France (Fenyk-Melody, 2012), this tube could thus also be used
by small rodents (e.g. voles, shrews...). However, the two small-

est mustelids — the Stoat (Mustela ermine) and the least weasel
(Mustela nivalis) — can enter galleries with diameters of less than
4 cm (Dayan and Simberloff, 1994; Gliwicz, 1988) and would there-
fore probably use this device as well. In this case, the APT would
not entirely suppress predation pressure but would still reduce it
by preventing the predation of small rodents by larger predators
such as cats and foxes. Such cases of predation (e.g. domestic cats
preying on up to 12 voles in one night) have recently been observed
in monitored underpasses in the Alsace (unpublished data). We thus
hypothesize that small mammals would globally be favored by the
presence of the APT, which would allow them to avoid predators
(even mustelids) by using the lateral holes to avoid any such preda-
tors in the passage. This hypothesis is currently being tested in
captive and semi-natural conditions.

The second experiment reveals that all the individuals sponta-
neously used the device when placed in an artificial enclosure that
mimicks the shape of a wildlife underpass. It was often used to cross
from one side of the enclosure to the other. Results also reveal that
females use the APT more than males and enter it more quickly.
This could be explained by a difference in personality, as females
are generally more anxious than males (Réale et al., 2007). They
may therefore have sought refuge in a confined space such as the
tube. It would be of interest to see whether this difference persists
under natural conditions. Our next studies will investigate whether
hamsters increase their use of the APT in presence of predation cues
(e.g. proximity of predator urine or a cage containing a predator).

Following the results of our two experiments, the 10S2 tube
has been selected to be placed in several wildlife underpasses and
culverts in the Alsace (France). These devices will be monitored to
validate the use of the APT by the European hamster and other small
mammals. We will also investigate whether the use of the APT by
hamsters in wildlife underpasses — which can be up to 50 m long
in the Alsace — confirms the findings of this laboratory experiment.
The length of the APT will be extended to one meter beyond the end
of the main underground passages, with lateral exits, to reduce the
risk of cats and foxes catching small mammals leaving the APT. We
will also observe whether other small species use it to cross the
passages.
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5. Conclusion

This anti-predation tube is a potential tool to provide a spe-
cific passage facilitating the safe crossing of small animals within
wildlife underpasses and culverts. It could also be used to enrich
bigger passages (e.g. agricultural overpasses or wildlife bridges),
that are currently unsuitable for small animals (Mata et al., 2008).
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Thematic 2 — Chapter 5: An anti-predation device to facilitate and secure hamsters’ crossing in wildlife underpasses

L >

Study 6 — European hamsters’ perception and reaction to predation and their consequent

use of the APT as a refuge.

Under review !

el

In this rebuilding of a wildlife underpass, a domestic ferret is free to pursue the hamster all along
the passage and to cross the anti-predation tube by climbing a horizontal fence preventing from

any aggression between the individuals.

1 Tissier M. L., Bousquet C., Croguennec C., Fleitz J., Habold C., Petit O. & Handrich Y. Inter-individual differences in risk
assessment and anti-predatory behaviour in an endangered species, the European hamster. Under review in Animal Behaviour. 167
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Inter-individual differences in risk assessment and anti-predatory behaviour in an

endangered species, the European hamster
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Habold !, Odile Petit * and Yves Handrich *

L Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France

* Co-first authors: mathilde.tissier@hotmail.com, chr _bousguet@protonmail.com

ABSTRACT

Understanding the inter-individual differences in perception and reaction to predation cues are at
the base of many research in animal behaviour. More recently, anti-predatory behaviour has also
been shown as being an important tool in conservation biology. It is often assumed that prey
species display offensive strategies only if they have no chances of escaping the predator.
However, the anti-predatory behaviour of some species remain to be studied. Here, we
investigated for the first time the perception and reaction to predation of captive-reared European
hamsters (Cricetus cricetus) towards varying predation cues. When exposed to the urine of a cat
and a goat in a Y-maze test, hamsters spent more time close to the cat’s scent than to the goat’s
scent. Then, when exposed to a non-mobile European ferret (maintained in a cage), some males
displayed threatening behaviours towards the ferret. Moreover, hamsters increased the time they
spent close to the ferret’s cage and did not take refuge in the anti-predation tube placed (APT) in
the apparatus. This APT has previously been designed to upgrade wildlife underpasses and
reconnect wild populations of European hamsters, which are highly endangered throughout the
continent. Finally, when exposed to a mobile ferret previously fed with hamster’s corpse, hamsters
displayed mobbing and aggressive behaviours towards the ferret, before taking refuge inside the
APT. Taken altogether, results of this study highlight that, even with a possibility to take refuge
from the predator, European hamsters first adopt a defensive strategy and suggest that the
motivation of the ferret is an important driver of their decision to flee. Moreover, these results will

benefit the conservation of this endangered species across Europe.

Keywords: boldness, mobbing, conservation, rodent, predation, prey species
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INTRODUCTION

Predation is a strong selective force that has led prey species to evolve adaptations and behavioural
strategies to minimize predation risk (Abrams & Matsuda, 1997). When exposed to a predation
cue, prey-species generally display a risk-assessment phase. Depending on the perceived risk (De
Franceschi, Vivattanasarn, Saleem, & Solomon, 2016), animals will freeze (to avoid being spotted
by the predator) or display responses that can be characterized as defensive (i.e. fleeing,
predator/area avoidance, decreased locomotion and foraging activity or increased vigilance), or
more rarely, offensive (the prey species attack or mob the predator). It is generally considered that
animals fight the predator only if they have no chances of freezing or fleeing (Eilam, 2005).
Investigating the use of one or the other strategy by a broad diversity of species has been at the
base of many studies in behavioural ecology (Apfelbach, Blanchard, Blanchard, Hayes, & McGregor,
2005; Apfelbach, Soini, Vasilieva, & Novotny, 2015; Carlson, Healy, & Templeton, 2017; Eilam,
2005). Additionally, understanding the inter-individual variations in the response to predation cues
has gained interest in the past decades, given the fitness consequences of such variations (Réale,
Reader, Sol, McDougall, & Dingemanse, 2007; Sih, Bell, & Johnson, 2004; Smith & Blumstein, 2008).
For instance, perhaps counterintuitively, it has been shown in guppies (Poecilia reticulata) that
individuals approaching their natural predator were less at risk of being attacked than their non-
approaching congeners (Godin & Davis, 1995). Understanding the consequences of inter-individual
variations is even more important for endangered species for which the anti-predatory strategies
are not well understood, which is jeopardizing their conservation (Berger et al. 2016). For instance,
ensuring that the perception of predation has not been lost in captive-reared animals (Blumstein,
Holland, & Daniel, 2006; Ward, MacDonald, Doncaster, & Mauget, 1996) that are part of restocking
programs (in which individuals are released every year to sustain wild populations) appears
extremely important.

The European hamster is one of the most endangered mammal in Europe (Weinhold, 2008).
Nonetheless, despite some descriptive studies on hamsters behaviour in a zoological park (Ziomek,
Zgrabczynska, & Poradzisz, 2009), on sexual interactions (Reznik-Schuller, Reznik, & Mohr, 1974,
Vohralik, 1974) or on inter-individual interactions in an urban environment (Siutz & Millesi, 2005),

studies on the behaviour of the species are severely lacking. This is particularly true regarding its
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anti-predatory behaviour. Apart from the descriptive study on the ethology of the European
hamster by Eibl-Eibesfeldt (Eibl-Eibesfeldt, 1953), characterizing it as ‘territorial’ and ‘aggressive’,
there is currently no information on the anti-predatory behaviour of this species. European
hamsters are currently benefiting from several conservation measures throughout the continent,
including restocking programs (with several hundred hamsters released in the fields every year in
each country) and reconnection of wild populations through the improvement of wildlife
underpasses. In that aim, an ‘Anti-Predation Tube (APT)’ has recently been developed (Tissier,
Jumeau, et al., 2016) to guarantee the safe-crossing of hamsters and other rodents in wildlife
underpasses, by reducing the risks of predation. The features and use of this device by captive-
reared hamsters have been validated under controlled predator-free conditions (Tissier, Jumeau,
et al., 2016). However, the efficiency of the APT still needs to be validated in the presence of a
predator.

In this study, we thus investigated for the first time the perception and reaction of European
hamsters towards predation cues, with three main aims: (I) understanding whether captive-reared
hamsters perceive predation cues, (II) how they respond to them (i.e. which one of the defensive
or offensive strategy they display) and (lll) whether this could affect their decision to take refuge
in the APT. To that purpose, we carried-out three different experimental studies: we first
investigated whether captive-reared hamsters were able to discriminate both the odour of a
predator from a non-predator scent, as these are sufficient conditions to confirm the existence of
a recognition mechanism (Monclus, Rédel, Von Holst, & De Miguel, 2005). To do so, we conducted
a Y-maze test (April-May 2014) with a predator’s urine (domestic cat, Felis silvestris catus) and an
herbivore’s urine (goat, Capra hircus). We predicted that hamsters would display escaping
behaviours or spend less time near the predator odour as most rodents and lagomorphs do
(Apfelbach et al., 2005; McPhee, Segal, & Johnston, 2010; Monclus et al., 2005; Zhang, Sun, Bruce,
& Novotny, 2008). In a second experiment, we evaluated the efficiency of the APT in presence of
a ‘non-mobile’ European ferret (Mustela putorius furo). This test aimed at investigating the
perception of the predator’s presence by hamsters, their reactions and their consequent use of
the APT. Based on the literature, we were expecting that hamsters will spend more time at distance

from the ferret (i.e. avoidance) (Apfelbach et al., 2005) and will increase their use of the APT in the
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presence of this predator. In a third experiment, we aimed at emulating wild conditions more
closely by using the same design of APT, but with a mobile ferret. Furthermore, given the results
of a recent study highlighting that the behavioural responses of the dwarf hamsters (Phodopus
campbelli) to odour cues of the European ferret were stronger when the ferret was fed with
hamsters (Apfelbach et al.,, 2015), in addition to being mobile, the ferret was previously
accustomed to be fed with hamster corpses in this third experiment. We again expected hamsters

to avoid the predator and increase their use of the APT.

METHODOLOGY

Hamsters and housing conditions

The experiments were performed in April-May 2014 and 2016 on 32 two-year old captive European
hamsters: 9 for the Y-maze test (2014, 5 & and 4 @), 8 for the APT efficiency test with a non-mobile
ferret (2014, 4 & and 4 ?) and 16 for the APT efficiency test with a mobile ferret (2016, 6 ¢ and 10
@). European hamsters are one of the largest hamster species in the world (Nechay, Hamar, &
Grulich, 1977; Reznik, Reznik-Schuller, & Ulrich, 1978). Males and females weigh on average 350
and 250 g, respectively, with important seasonal variations and the localization in Europe (Nechay
et al.,, 1977; Reznik et al., 1978; Tissier, Handrich, et al., 2016). Hamsters are omnivorous and feed
on seeds, roots, green parts of plants, invertebrates and small vertebrates (Gorecki & Grygielska,
1975; Nechay et al., 1977). This species is described as territorial and very aggressive (Franceschini,
Siutz, Palme, & Millesi, 2007; Nechay et al., 1977; Ziomek et al., 2009), although no studies have
investigated the behavioural responses of hamsters towards predators. Adult European hamsters
are predated by red foxes (Vulpes vulpes), stoats (Mustela erminea), raptors/birds of prey (e.g.
common buzzard Buteo buteo), domestic cats, badgers (Meles meles) and dogs (Canis lupus f.
familiaris) (Kayser, Weinhold, & Stubbe, 2003; La Haye, MUskens, Van Kats, Kuiters, & Siepel, 2010).
Juveniles are also predated by common kestrels (Falco tinnunculus), long-eared owls (Asio otus),
grey herons (Ardea cinerea), crows (Corvus corone corone) and rooks (Corvus frugilegus) (Kayser et
al., 2003; personnal comm.)

Hamsters were housed in transparent Plexiglas cages (420*265*180 mm, D*W*H) prior to the
experiments and their environment was enriched with wood and shredded paper. Animals were

provided with an ad libitum supply of water and food pellets (N° 105, from Safe, Augy, France). The
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experimental protocols followed EU Directive 2010/63/EU guidelines for animal experiments and
the care and use of laboratory animals, and were approved by the Ethical Committee (CREMEAS)

under agreement number 02015033110486252 (A PA FIS#397). 01.

The Y-maze test

We used urine from adult non-castrated female domestic cats as the predator odour. For the
herbivorous odour, we chose to use urine from adult female goats, which do not represent a
competitive species for the hamster. Regarding cats, the urine was collected by a veterinarian
(N=15) before castration and as for goats, it was collected in a cup during urination (N=5). Within
the hour after urine collection, we mixed the 15 cats urine to obtain a homogenous ‘predator urine’
and to avoid inter-individual differences. The same was done for the goat urine. We then prepared
compresses with 1 ml of either ‘predator urine’ or ‘herbivorous urine’ that were immediately
frozen at -28°C. Both a ‘predator compress’ and a ‘herbivorous compress’ were unfrozen 15
minutes prior to each experiment. To that end, we placed them inside two separated and closed
petri dishes, at T,=22°C.

The petri dishes with the ‘predator compress’ and ‘herbivorous compress’ were placed in the b or
c extremities of the Y-maze, behind a metal grid (Figure 1A) and were opened 3 minutes before
starting the experiment. The maze was then closed with a transparent plastic plate at the bottom,
in order to let predator and herbivorous odours diffuse into their respective branches.
Approximately 2 g of earthworms (Lumbricus terrestris), an appetent food for the hamster, were
placed close to the grids (see Figure 1A). Each hamster was placed in a box at the extremity a of
the maze. Once it got out from the box, we closed a trap to maintain it in the maze and started the
5 minutes recording (hamsters were videotaped from the bottom). The beginning of the
experiment thus corresponds to the closing of the trap. One day prior to the beginning of the
experiment, each hamster was acclimated to the maze. We used compresses with 1 mL of water
for these acclimations. To control for a potential side effect as well as for the time of the day, each
hamster was randomly tested 4 times (36 tests, with one day of interval between each test): (i)
predator odour on the right and herbivorous odour on the left, (ii) predator odour on the left and
herbivorous odour on the right, (iii) in the morning and (iv) in the afternoon. Test order was

randomized. The device was cleaned with ethanol 70° and aired for 7 minutes whilst compresses
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and worms were renewed after each trial. All the tests were carried out in low-light conditions

(20W-light bulb) in a room at T,=16°C+1° C.

(1) hamster placed
in the box

transparent cover
(2) trap closed once the hamster

had the 4 feet in the Y-Maze

wn o

M“' $$°‘“

Fall direction of the
B curtain

N
N
EEEEER:
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SN-HHNE o

250 cm 50cm

Figure 1: Schematic representation of the experimental designs for (A) the Y-Maze test, (B) the APT
efficiency test with a non-mobile ferret. The associated methodology is described in the text,

sections ‘The Y maze test’ and ‘The APT efficiency test with a non-mobile ferret’.

The APT efficiency test with a non-mobile ferret
A rectangular PVC enclosure of 3x1x0.4 meters (Length*Width*Height) with a metal grid (wire
mesh: 25*25 mm) at one extremity (see Figure 1B) was created, to mimic the shape of classical

wildlife underpasses in the French area of distribution of the species (Jumeau & Handrich, 2016).
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A prototype of 2.78 meters length of the anti-predation tube (APT) previously developed for this
species (Tissier, Jumeau, et al., 2016) was placed in the centre of this enclosure. An opaque curtain
was masking the grid at the extremity of the enclosure and a line was drawn on the floor at 50cm
from the grid. In this experiment, the predator condition (P) consisted of placing a female European
ferret in a cage (0.8x0.4x0.4) behind the curtain (extremity B, Figure 1B) prior to placing the
hamster in the extremity a. When the hamster first crossed the line, the curtain was smoothly
lowered by the experimenter (see figure 1B) to reveal the ferret to the hamster. Hamsters’
behaviour was then videotaped for 5 minutes. Between each trial, the APT, the enclosure and the
ferret’s cage were cleaned with ethanol 70° whereas the room was aired. Between the trials, the
ferret was kept in a cage with hay, litter, water and food ad libitum. Two hours before each session,
its food was removed. Hamsters were previously tested under three ‘predator-free’ conditions to
validate their spontaneous use of the device: they were either placed on the left, on the right or
inside the APT. Given that we found no side effects (see (Tissier, Jumeau, et al., 2016) for detailed
results) and that the order of these three conditions was randomized, we grouped the results of
the three ‘predator-free’ conditions to create a control ‘predator-free’” condition (Pfree) to which
we will compare the P condition. All the experiments were carried out in low-light conditions at

Ta=22°C.

The APT efficiency test with a mobile ferret

The same rectangular PVC enclosure as the one described in the previous section was used, with
some modifications. First, the ferret was not outside, but inside the enclosure. We therefore
needed to build a separation ensuring the safety of both the hamster and the ferret, while allowing
for physical proximity and potential predatory attempts from the ferret. To do so, we firmly
attached a metal grid with small wire mesh (25*25 mm) inside the enclosure, disposed horizontally
and all along the APT (10cm diameter), 12cm above the bottom of the apparatus. Therefore, both
the hamster and the ferret could freely see, smell and move towards each other, but could not
directly interact. We could easily add and remove the hamster from the inner part of the apparatus
by opening and closing a zip. In order to avoid the ferret from escaping the enclosure, we added
(after introducing the animals) two additional metal grids (1.6*1.1 m) covering the whole

apparatus.
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Unlike in the previous setup, hamsters were food deprived in the evening preceding the test and
we added food rewards in all the four corners of the enclosure (but still inside the inner metal grid).
Each food reward consisted of 10 pumpkin seeds and % of a carrot slice placed directly on the
apparatus floor. Thus, the hamster was motivated to feed and/or to hoard food. The protocol had
two conditions, with each condition consisting of three phases. In the ‘predator’ condition (P), the
hamster was first introduced in the inner part of the apparatus for 10 minutes (pre-treatment
phase). Then, in a second step, we added the ferret in the apparatus for 5 minutes (treatment
phase). Finally, we removed the ferret and left the hamster for another 10 minutes in the apparatus
(post-treatment phase). In the ‘predator-free’ condition (Psee), the hamster was also first
introduced in the inner part of the apparatus for 10 minutes (pre-treatment phase). Then, the
metal grid was opened by the experimenter, mimicking the introduction of the ferret. The hamster
was then left the hamster alone in the apparatus for 5 minutes (treatment phase). Finally, the
experimenter entered the room, opened the upper metal grid, mimicked the removal of the ferret
and left the hamster for another 10 minutes in the apparatus (post-treatment phase). Each
hamster underwent both conditions, with half of the individuals passing the P condition first and
the other half passing the Pfee condition first. Both conditions were separated by one week. Every
step was videotaped in a different video file. If the hamster consumed food in any of the protocol
steps, we replenished the food rewards so that 10 pumpkin seeds and a quarter of a carrot slice
were always present at the beginning of a step. Thus, the maximal reward a hamster could
consume was 3*4*10 = 120 pumpkin seeds and 3*4*1 = 12 quarters of carrot slices. None of the
hamsters participating to the ‘mobile ferret’ experiment took part in any previous experiments

made with this apparatus.

Statistical analyses

Regarding the Y-maze, the cumulated time spent in each branch of the maze (in seconds) was
analysed using a Linear Mixed Model (LMM) whereas the number of body-shaking (i.e. snorting)
episodes (as a measure of disturbance (Kleiman, 1973)) and the number of visits in each branch of
the Y-maze were analysed using Generalized Linear Mixed Models (GLMM, Probability distribution:
Poisson, Link function: Log). We included the type of odour, the sex, the order of the trial (to test

for an eventual habituation), the side where the predator odour was presented and the sex*odour
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interaction as fixed factors. The identity of the individuals was included as a random factor for
repeated measures on the same individual.

Regarding the APT efficiency test with a non-mobile ferret, given that the Pfree tests lasted 12 min
compared to the P test that lasted 5 min (to avoid an habituation from the hamster or the ferret),
all the variables were analysed per unit of time (i.e. per min). We looked at the effect of the
condition (Pfee or P) ON the proportion of time spent in the APT, the proportion of time spent after
the threshold (i.e. close to the grid), the U-turns frequency from the extremity with the grid to the
other extremity, the scraping frequency and the rearing frequency (i.e. when the individual raises
the upper part of the body, which corresponds to an exploratory behaviour) using the Wilcoxon
matched-pairs signed rank test.

Regarding the APT efficiency test with a mobile ferret, videos were blind-analysed (i.e. the
experimental condition was not known by the experimenter). We then calculated the difference
between the value in the post-treatment phase and the value in the pre-treatment phase for the
following seven variables: time spent inside the APT, number of entrances in the APT, distance
travelled within the APT (calculated by noting the distance in centimetres between the entrance
hole and the exit hole), time spent in the middle of the apparatus, time spent in the corners of the
apparatus, number of eaten/hoarded pumpkin seeds and carrot slices, and time spent
eating/hoarding. The distributions of these seven differences did not differ from the normal
distribution (normality was assessed via a Shapiro test). Therefore, all the variables were analysed
using LMMs. For each model, we included the sex of the hamster, the presence or the absence of
the ferret during the treatment period, the order of the ferret presentation (i.e. whether the
‘predator’ condition was first or second), as well as all two-way interactions, as fixed factors. The
identity of the hamsters was included as a random factor for repeated measures on the same
individual. The models were then simplified by backward omission of non-significant terms until a
minimal model was found. During the treatment phase of the P condition (i.e. when the ferret was
present), we also noted the number of mobbing events displayed by the hamster towards the
ferret. We analysed this variable using a GLM (probability distribution: Poisson, link function: log),

with the sex of the hamster as a fixed factor.
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Data presented are means = SEM. Normality of the residuals of every model was tested using a
Kolmogorov-Smirnov test or a Shapiro-Wilk test. Analyses were conducted using R (R-3.2.3) with
the RStudio interface (RStudio, Inc., 0.99.491.0), and the significance threshold was set at p<0.05.

Figures were prepared using GraphPad prism software (Version 5, La Jolla, USA) or the R package

ggplot2 (ggplot2.org).

RESULTS

The Y-maze test

In total, 36 tests were carried out, but one video was missing because of a camera issue (N=35
recorded tests, for a total of 175 min). The 9 individuals did not show a side bias: the right and left
branches were respectively chosen first on 34 and 36 occasions. We thus did not use the position
of the odour in the subsequent analyses. We found an effect of the type of odour on the time spent
in each branch (F1s53=4.37, p = 0.041): hamsters spent significantly more time in the branch with
the predator urine than in the branch with the herbivorous urine (Figure 2A, 101.946.3 and
85.5+6.3 seconds for predator and herbivorous scents, respectively). We found no effect of the
other variables or the interaction on the time spent in each branch (p>0.2). Regarding the number
of body-shaking episodes, we found no effect of the type of odour (Wald x*=0.5, p=0.5). However,
this variable was significantly affected by the sex (Wald x? = 8.5, p = 0.003) and the sex*odour
interaction (Wald x? = 6.1, p=0.014). Post-hoc analyses revealed that females displayed a higher
mean number of body-shaking episodes (Figure 2B) when faced with the predator urine than when
faced with the herbivorous urine (mean difference = -0.65+0.18, p<0.001). No differences were
found for males between the two odours (Figure 2B, mean difference = 0.04+0.04, p=0.28). No
effects of the other variables were found on the number of body-shaking episodes (p>0.1). Finally,
regarding the number of visits in each branch, we found no effect of the odour (Wald x*>= 0.4,
p=0.6) nor the sex (Wald x>= 1.1, p=0.3) but an effect of the sex*odour interaction (Figure 2C, Wald
X’ = 7.96, p=0.005). Females visited the branch with the predator scent significantly more often
than the branch with the herbivorous scent (4.3+0.4 and 3.7+0.2 times, respectively; p=0.035). We
found no differences in the number of visits between the two odours for males (which visited the
predator and the herbivorous branches on average 4.2+0.2 and 4.7+0.5 times, respectively;

p=0.16).
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Figure 2: Effects of the type of odour
(Predator or Herbivorous) on (A) the time
spent in each branch, (B) the mean
number of body-shaking episodes and (C)
the number of visits in each branch of the
Y-maze. In (B) and (C), mean * SE are
represented according to the sex and the
type of odour (because of the significant
sex*odour interaction). Different letters
mean significant differences between
the groups. In (C), we found no
differences regarding the number of
visits in each branch between males and
females tested with herbivorous odour
at the a=0.05 level (p = 0.055 and

p=0.058, respectively).

A total amount of 32 tests were carried out (328 min of recording) on the 8 individuals (P and Psree

conditions). We found significant differences between the P and Ptee conditions for four variables

(see Table 1): the U-turns frequency (Wilcoxon signed rank test, T=27, p =0.03, N = 8), the rearing

frequency (T =0, p=0.02, N = 8), the scraping frequency (T =0, p =0.03, N = 8) and the proportion

of time spent after the threshold (T = 27, p = 0.03, N = 8). However, we found no differences

between the P and the Pree conditions when considering the body-shaking frequency (T = 11, p =
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0.4andT=0, p=0.2; N=8)and the proportion of time spent in the APT (T=13,p=0.9, N=8). In
the P condition, agonistic behaviours (spitting, grunting and posture attack; see (Ziomek et al.,
2009)) were recorded in 3 of the 4 males. These behaviours were never observed in the Pfree

conditions. However, this difference was not significant (T=6, p=0.2, N = 8).

Variable Condition MeanzSE Predator effect

Pfrce 0.01£0.01
U-turns frequency (humber/min) /

Prree 0.63+0.08
Rearing frequency (number/min)

Prree 0.07+0.02

Scraping frequency (number/min) \

Prree 0.30+0.03
Proportion of time spent after the threshold (s/min)

Prree 0.0510.02
Body-shaking frequency (number/min) _
Prree 0.0510.01
Proportion of time spent in the tube (s/min)
Pfree 0

Agonistic behaviors’ frequency (number/min) —

Table 1: Effects of the presence of the predator on hamsters’ behaviour in the APT efficiency test
with a non-mobile ferret. Mean+SE are represented according to the Predator condition (P) and to
the Predator-free condition (Pfee). Means in bold represent significant differences between the
two conditions (Wilcoxon signed rank test). The arrows represent the direction of the difference

(only when significant). See methodology for details and results section for statistics.

The APT efficiency test with a mobile ferret
The exposure to a mobile ferret increased the time spent in the APT in the post-treatment phase
compared to the pre-treatment phase (Figure 3A, Fi.15 = 4.55, df = 15, p = 0.049). Similarly,

hamsters exposed to a mobile ferret during the treatment phase increased their time spent in the
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middle of the apparatus (Table 2 & Figure 3B, F1.13 = 6.01, p = 0.03). As a corollary, the time spent
in the corners of the apparatus decreased after hamsters were exposed to a mobile ferret (Figure

3C, F1.13=8.16, p = 0.01). Means+SEM and a summary of these results are represented in Table 2.
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Figure 3: Effects of the presence (Predator) or not (Predator-free) of the ferret during the 5-min
treatment phase. The effect of the presence of the predator on (A) the difference between post-
and pre-treatment time spent in the APT, (B) the difference between post- and pre-treatment time
spent in the middle of the apparatus and (C) the difference between post- and pre-treatment time
spent in the corners of the apparatus are represented. Orange points and error bars represent the
mean and its associated standard error for the P condition, purple points and error bars represent
the mean and its associated standard error for the Psee condition. Coloured points and lines are
individual data of the 16 hamsters used in the experiment. Individual identities are recorded on
the right: the first number (i.e. 14) indicates the birth year; the second number indicates the litter

identity and the third number indicates the identity of the individual.

The number of entries and distances travelled in the APT were higher in the post-treatment phase
compared to the pre-treatment phase for the P condition, but not for the Pfee condition (Table 2,
F1.13.8 = 15.8, p = 0.001 and F1.120 = 6.65, p = 0.023, respectively). The distance travelled per entry
was not affected by the presence of the ferret in the treatment phase (p > 0.2). The time spent
feeding/hoarding and the number of eaten/hoarded food items during the post-treatment phase

were not affected by the presence of the ferret (Table 2, p > 0.1). For the time spent in the corners
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and in the middle of the apparatus, the test session number interacted with the sex of the hamster
(Figure S1): males in the second session (irrespective of whether the second session was the
“predator” or the “predator-free” condition) had a different behaviour than other sex-session
combinations. Indeed, males spent more time in the middle and less time in the corners in the
second session (Figure S1, F113=6.3, p=0.026 and F1,13 = 6.8, p = 0.022 respectively). Finally, only
females travelled longer distances inside the APT during the post-treatment phase compared to
the pre-treatment phase in the first test session compared to the second session (Figure S2, F1,12.88

=17.3,p=0.001).

Variable Condition| Mean +SE |Predator effect

) o Ptree -30.9+14.0
Time spentin Middle (s) A

Piee | +36.2£14.8

Time spentin Corner (s) N
5.4+
Time spent in Tube (s) Pree 54144 2
+
Number of entries in Tube* Pree +0.310.7 2
+5.6 £ 90.
Distance traveled in Tube (cm) Pree 5.6£90.9 2

. . P -9.9+15.2
Time spent Eating (s) free 9.9:15 —

+
Number of consumed Food items Pree +5.6:4.4 —

Table 2: Effects of the presence of the predator on hamsters’ behaviour in the APT efficiency test
with a mobile ferret. Mean+SE are represented according to the Predator condition (P, orange) and
to the Predator-free condition (Psee, purple). The arrows represent the direction of the difference

(only when significant). See methodology for details and results section for statistics.
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343  Within the 5 minutes of the ferret’s presence, 11 hamsters displayed mobbing behaviours towards
344  this predator (Figure 4). We found that, on average, females mobbed the ferret significantly more

345  than males (6= 1.7+0.5 and @ = 5.0+0.7; Wald x* = 10.1, p = 0.002, N = 16).
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346  Figure 4: number of mobbing behaviour displayed by hamsters in the APT efficiency test with a
347  mobile ferret. Males are represented in dark orange whereas females are represented in light
348 orange. Mobbing behaviour include running towards the predator, grunting, spitting and direct
349  attacks. Hamster identity: the first number (i.e. 14) indicates the birth year; the second number

350 indicates the litter identity and the third number indicates the identity of the individual.

351  DISCUSSION
352  Contrary to our initial predictions, captive European hamsters do not escape when faced with

353  predator odours or to the predator itself. They rather significantly increase the time spent near the
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predator or its odour, whilst displaying disrupting (body-shaking) or aggressive behaviours,
highlighting that they do perceive predation cues (odours and predator’s presence). Therefore,
they seem to display a bold personality type (Réale et al., 2007) as they do not avoid or immediately
escape when faced with predation cues, in contrast to what was observed in mice, voles, rabbits,
golden hamsters and rats (Apfelbach et al., 2005; McPhee et al., 2010; Monclus et al., 2005).
However, results from the third experiment highlight that they perceive the increased predation

risk when exposed to a mobile European ferret and consequently take refuge in the APT.

Y-maze test

The results of this test highlight that predator-naive hamsters are able to discriminate urine of a
cat (the predator model in our study) from the urine of a goat (the neutral scent). However, they
spent more time close to the cats’ than to the goats’ odour, which is counter-intuitive based on
the literature on the reaction of rodent prey-species to predators” odour (Apfelbach et al., 2005;
McPhee et al., 2010; Monclus et al., 2005). However, females displayed a higher number of body-
shaking episodes when facing the predator odour than when facing the herbivorous odour. This is
a characteristic reaction to disturbances in rodents, usually considered as an agonistic behaviour
(Kleiman, 1973; Williams, 1999).

The reaction of prey species to predators appears to be species dependent (Apfelbach et al., 2005).
Most prey species — from mice to ungulates — display a ‘defensive strategy’ (escaping behaviour,
decreased locomotion, predator or area avoidance...) (Apfelbach et al., 2005; Banks, Hughes, &
Rose, 2003; Camp, Rachlow, Woods, Johnson, & Shipley, 2012). However, some species rather
display an ‘offensive strategy’ (showing aggressive behaviours, mobbing and no direct escape) in
response to a first exposure to predation cues (Eilam, 2005). Taken altogether the results of the Y-
maze test suggest that European hamsters are rather using the offensive strategy compared to
other rodents that generally show predator-urine avoidance (Apfelbach et al., 2005; McPhee et al.,
2010; Monclus et al., 2005). However, it has been shown that the predator’s diet influences the
perception and strength of reaction of the dwarf hamster when faced with predator’s urine
(Apfelbach et al., 2015). Therefore, it is possible that European hamsters would have reacted
differently to cats’ urine if they were previously fed with hamsters. They could also have reacted

differently to the urine of another predator.
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The APT efficiency test with a non-mobile ferret

The results of this test, revealing significant behavioural differences between the Predator (P, i.e.
in the presence of the European ferret) and the ‘Predator-free’ (Pfree) conditions, highlight that
hamsters perceived the presence of this predator species, even though they have been reared in
captive conditions. However, contrary to our predictions, they spent more time after the threshold
(i.e. close to the predator) in the P compared to the Psee condition. This reinforces the results of
the Y-maze test, regarding the use of an ‘offensive strategy’ in this species. In parallel, we observed
a behavioural shift in hamsters: exploratory (rearing) and grooming behaviours were significantly
decreased or even suppressed in favour of U-turns (significantly increased in the P condition) and
agonistic behaviours (recorded only in males). Taken separately, the increased number of U-turns
in presence of the predator would indicate an avoidance. However, if we consider this greater
number of U-turns associated to the increased time spent close to the predator, this rather
suggests a ‘risk assessment’ phase (Blanchard, Blanchard, Rodgers, & Weiss, 1990) which precedes
decision-making of escaping and/or taking refuge in a secure area (Kramer & Bonenfant, 1997).
Nonetheless, hamsters do not increase their use of the APT in the presence of the predator, which
could be explained in several ways. First, hamsters may not have perceived the ferret as a real
predator (after this phase of risk assessment) but rather displayed an attraction for novelty
(Hughes, 2007). Although possible, this hypothesis is unlikely, given the aggressive behaviours
displayed by three of the four males and the suppression of exploratory/grooming behaviours in
all the individuals. However, the ferret’s presence might not have represented an immediate risk
of predation, strong enough to push hamsters to use the APT. Indeed, the ferret being in a small
cage, it was limited in its movements and was consequently rather inactive/non-mobile. Moreover,
hamsters were separated from the ferret by two grids (the one of the cage and the one of the

enclosure), which could have prevented them from searching for a secure area.

The APT efficiency test with a mobile ferret

The test with the mobile ferret confirms that captive European hamsters are using an offensive
strategy towards the predator. They mainly faced the direct threat of the predator by mobbing it.
However, some hamsters also used the APT in order to protect themselves from the predator’s

presence. We therefore observed two distinguished strategies in the presence of the predator: a
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defensive strategy (only 4 hamsters) and an offensive strategy (11 hamsters). One individual
neither attacked the predator nor used the tube to take refuge. Results of this third experiment
also highlight that these captive-reared hamsters still perceive the increased predation risk when
exposed to a predator such as the European ferret, when mobile and previously fed with hamster’s
corpse. Indeed, hamsters used more frequently the APT and spent more time inside after
(compared to prior) the predator exposure. They also avoided the corners of the apparatus, which
are the furthest positions from the APT. However, both the number of eaten/hoarded food items
and the time spent eating/hoarding food were not significantly affected by the predator’s
presence. Given that each hamster was tested only once with the ferret, we cannot assess whether
the strategy a hamster uses is repeatable over time. It is possible that the choice of strategy
depends on subtle cues delivered by the ferret on its immediate capture intentions (De Franceschi

et al., 2016).

Reaction to predation, personality and ecological implications

Taken altogether, the results of these three experiments show that European hamsters display
several signs of risk evaluation and bold behaviours before escaping cats’ urine or the ferret’s
presence. Moreover, most individuals even displayed mobbing behaviours (or even direct attacks)
towards the predator, revealing that they adopted an offensive strategy. As indicated by Eibl-
Eibestfeldt (1953), the offensive strategy is more important when the predator managed to closely
(~2 meters) approach the hamster. European hamsters usually mock the predator (Eibl-Eibesfeldt,
1953), but if the later continues to approach, then the hamster attacks and can even harm the
predator by sinking its teeth into its legs. In this study, however, we highlighted that different
individuals of a same population display different types of response towards the predator (i.e.
offensive or defensive). These reaction-types, consistent across situations, have been
characterized as ‘boldness’ in many taxa (Mafli, Wakamatsu, & Roulin, 2011; Réale et al., 2007).
Therefore, our results suggest that the hamster is rather a bold species, with inter-individual
variations occurring in our captive population, suggesting the existence of personality in this
species, which would need to be confirmed by repeated tests of boldness on the same individuals.
Boldness has been related to other traits of personality such as exploration or aggressiveness

(Ariyomo & Watt, 2012; Mafli et al., 2011; Réale et al., 2007, Sih et al., 2004; Wolf, van Doorn,
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Leimar, & Weissing, 2007). Given the implications of these traits for animals’ dispersion, foraging
efficiency, parental behaviour and more broadly for survival and reproductive success (Boon,
Réale, & Boutin, 2007; Cote, Fogarty, Weinersmith, Brodin, & Sih, 2010; Réale et al., 2007; Sinn,
Gosling, & Moltschaniwskyj, 2008), it is very likely that this great boldness in hamsters would have
major ecological implications for wild populations. For instance, in several taxa, bold individuals
face higher risk of predation (Réale et al., 2007) and might therefore be disadvantaged in
environments with great predation risk (Abbey-Lee, Mathot, & Dingemanse, 2016). Moreover,
bold individuals could be less prone to use the APT as a refuge than shy individuals. Nonetheless,
despite their offensive strategy and elevated latency before avoiding the predator, hamsters finally
showed an increase in their use of the APT when the predator was mobile.

The European hamster is one of the largest rodent in Europe with adult males weighing up to 650g
(Fenyk-Melody, 2012; Nechay et al., 1977). Hamsters possess long teeth and have often been
described as very aggressive, especially females (Eibl-Eibesfeldt, 1953; Nechay et al., 1977; Reznik
et al., 1978). Therefore, similar to what has been observed in fish (Godin & Davis, 1995), the
offensive strategy might be beneficial under some conditions for adults facing relatively small
predators such as the European ferret. Nonetheless, it is likely that the benefits of such strategy
would be reduced when facing larger predators such as foxes. Therefore, hamsters might observe
a different strategy towards such big predators (Graw & Manser, 2007). Nonetheless, direct attacks
against dogs and humans have been recorded under wild conditions (Eibl-Eibesfeldt, 1953;
personnal comm.) and several studies report that aggressiveness is generally reduced in captive
compared to wild individuals (Fenyk-Melody, 2012; Nechay et al., 1977). Given the importance of
experience (Carlson et al.,, 2017), it would be interesting to investigate for the differences in
behavioural responses of both captive-reared and wild hamsters towards bigger predators than
cats and ferrets or towards variations in ground cover levels. Moreover, it has been shown in
several taxa that individuals are generally bolder, more exploratory and more aggressive in highly
anthropogenic environments (Sih et al.,, 2004; Sih, Ferrari, & Harris, 2011; Sol, Lapiedra, &
Gonzalez-Lagos, 2013). Given that European hamsters have evolved in farmlands in the past
centuries (Nechay et al.,, 1977; Weinhold, 2008), and are now frequently found in urban areas

(Surov, Banaszek, Bogomolov, Feoktistova, & Monecke, 2016), these bold-reaction types might
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reflect an adaptation to such environments that have been maintained under recent captive
conditions. However, individuals that are more exploratory, bold and aggressive have reduced
capacities to exploit new resources in changing or stochastic environments compared to shy
individuals (Demeyrier, 2016). Indeed, the latter are more precautious and attentive to external
stimuli and are better to adapt to changing environmental conditions (Demeyrier, 2016;
Robertson, Rehage, & Sih, 2013; Sih et al., 2004). Further research, comparing hamsters from
different breeding units, as well as wild hamsters from urban areas and farmland is therefore
needed to better understand the environmental effects and fitness consequences of these bold

behaviours.

CONCLUSION

Taken altogether, these three experiments highlight that captive-reared European hamsters rather
display a bold response towards the European ferret (no direct escaping, mobbing and in some
cases directly attacking). Nonetheless, despite their bold behavior, hamsters used the APT when
perceiving an imminent risk of predation (i.e. with a mobile ferret in the setup). This is therefore
the first study to bring information on the risk-assessment and inter-individual differences in
perception and reaction towards predation cues in this species. Nonetheless, investigation
regarding the reaction of hamsters towards bigger (e.g. foxes) or avian (e.g. birds of prey)
predators, or towards varying ground cover are now needed. Regarding the APT, we have equipped
and monitored several wildlife underpasses in the French area of distribution of the European

hamster to validate its efficiency under wild conditions.
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1. General approach

As indicated above, two main questions or perspectives arise from the results of the chapter 5.
These questions and perspectives will be addressed in this chapter. First (Box 3), | aimed at
understanding what could explain the inter-individual differences observed in the study 6
regarding hamsters’ behavioral reactions when facing a predator. Indeed, whilst we investigated
for the effects of the predator’s presence on the sample of hamsters tested, and of their global
use of the device, these tests reveal important differences in hamsters’ response, with some
hamsters that displayed aggressive behaviors, mobbing or even attacked the predator where other

hamsters displayed a more passive reaction of defense (see the summarizing Figure 28 below).

Behavioral responses

Event
Predator attack or

Offensive strategy
mobbing
Urine or predator exposure
& detection
—> Risk-assessement
Predator/Area
avoidance

} Defensive strategy

Decreased locomotion &

Increased vigilance

Figure 28: Summary of hamsters’ behavioral responses towards the European ferret in the study 6.
Some hamsters displayed behavior characteristics of an active defense whereas other rather

displayed a passive defense. The figure is adapted from (Croguennec 2015).

Seeking to understand how to explain these differences at the intra-population level, | conducted
several tests to investigate for the repeatability of hamsters’ behavioral responses to different
situations in our captive unit. In other words, | characterized some traits of their personality (Réale

et al. 2007, 2010). Given the existing links between personality and some traits such as dispersion,
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reaction towards predators and ultimately survival (Réale et al. 2007), | also aimed at investigating
how the potential personality differences in our captive population could affect hamsters’ decision

to consider and use the APT as a refuge.

In a second time (Box 4), | aimed at testing for the efficiency of the APT under semi-natural
conditions and to investigate whether it was indeed used by hamsters in case of a predators’
presence under this condition, i.e. in an actual wildlife underpass. This last study is declinable into
several experiments, carried-out in a semi-wild enclosure of 3000m? built in the area of presence
of the hamster in the Alsace (see Figure 29). For the purpose of the two experiments described in

the Box 4, two small enclosures were built on both extremities of a wildlife underpass.

Anti-predation
net (10x10cm)

Feeding cover Example of a
(clover and alfalfa) burrow

Wildlife underpass

Figure 29: Pictures and schemes summarizing the semi-wild enclosure of 3000 m? described in
the Box 4. In A, the area of presence of the enclosure is represented (i.e. at the Voie Rapide du
Piémont des Vosges, VRPV). The pictures represent: the enclosure in B; the vegetative and
feeding cover present in the enclosure in C; the wildlife underpass in D; a hamster emerging from
a burrow in E; the feeders placed in the enclosure in F (x3) and the APT placed inside the wildlife

underpass in G.
The first experiment carried-out in this enclosure aimed at investigating whether the presence of

the APT improves the attractiveness of the underpass, under a predator-free (Psee) condition. In
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other terms, would the APT could serve as an enrichment to be placed inside wildlife underpasses
and to favor hamsters’ dispersion? The second experiment aimed at verifying that the APT was

indeed use as a refuge for hamsters when a predator was present inside the underpass.
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Box 3 - A behavioral syndrome linking exploration and boldness in the European hamster

In preparation *

© Eric Baccega
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Short introduction

Inter-individual differences in the behavior of animals of a same population have been described
in several taxa. When these differences are maintained over time and across different situations,
they can refer to the animal personality or temperament (Réale et al. 2007, 2010). An individual’s
personality is a composite of several traits, namely boldness, exploration, activity, aggressiveness
and sociality (note that the latter only concerns social species). For each trait, the individual will
vary along a continuum (Réale et al. 2007) between two extremes (e.g. for boldness, the continuum
varies from shy to bold). There is a tremendous literature highlighting the existing links between
personality, physiological and fitness-related traits (Boon et al. 2007; Biro & Stamps 2008, 2010;
Careau et al. 2008; Careau & Garland 2015). The ecological consequences of personality are also
well recognized, with many research and review highlighting the associations between personality
traits and dispersion, foraging and antipredator behavior (Réale et al. 2007; Dingemanse et al.
2010; Furtbauer et al. 2015). Finally, the correlations and trade-offs between different personality
traits, i.e. behavioral syndromes, (Wolf et al. 2007; Smith & Blumstein 2008; Petelle et al. 2015)
have gathered a lot of attention from behavioral ecologists in the past 10 years. For instance, the
boldness-exploration behavioral syndrome has been extensively studied (Fraser et al. 2001; Wolf
et al. 2007; Réale et al. 2007; Smith & Blumstein 2008) and suggests that these two personality
traits have co-evolved (Wolf et al. 2007). This behavioral syndrome can help to explain the
expression of behaviors that appear non-adaptive in some context, e.g. an inappropriately high
activity when predators are present (Sih et al. 2004), which would be an indirect expression
of/correlated to the animal’s boldness. Therefore, seeking to understand 1) whether such
behavioral syndrome might exist in the European hamster, 2) how it would affect its reaction
towards predators and 3) how it might influence its use of an Anti-predation Tube (APT (Tissier et
al. 2016)) developed to upgrade wildlife underpasses and reconnect wild populations of this
endangered species. We therefore carried-out several personality tests under controlled
conditions. Previous studies carried-out on a variety of taxa (e.g. in lizards (Rodriguez-Prieto et al.
2011), fishes (Fraser et al. 2001; Cote et al. 2010) and in the American red squirrel (Boon et al.
2008)) revealed that bold animals are in general also more exploratory compared to shy animals.

Moreover, Wolf et al. (Wolf et al. 2007) highlight that, given the adjustment of risk-taking behaviors

196



| > Thematic 2 — Chapter 6: European hamsters’ personality, implications for the use of the APT and tests under semi-
natural conditions

to the expected future fitness and the longevity of the individuals, animals with ‘high expectations’
(i.e. long lifespan and preservation for future reproduction) will rather be risk-averse (i.e. shy).
Therefore, they predict that animals with ‘low expectations’ would instead be ‘risk-prone’ (i.e.
bold). Taken altogether, we were therefore expecting to find a positive behavioral syndrome linking
boldness and exploration in the European hamster, with the boldest individuals being also the most

exploratory.

Methodology
1. Animals and husbandry conditions

Hamsters were housed individually in transparent Plexiglas cages (420*265*180 mm, D*W*H) and
maintained in controlled environmental conditions (temperature 20 °C to 23 °C; 35%-55%
humidity). They were submitted to a winter photoperiod (8L: 16D) from July 2013 to January 2014
and then to a summer photoperiod (16L: 8D) starting on the 1%t of January. Their environment was
enriched with wood and shredded paper. They were provided with an ad libitum supply of water
and food pellets (N° 105, from Safe, Augy, France). The experimental protocols followed EU
Directive 2010/63/EU guidelines for animal experiments and the care and use of laboratory
animals, and were approved by the Ethical Committee (CREMEAS) under agreement number

02015033110486252 (A PA FIS#397). 01.

2. Exploration

We quantified hamsters’ exploratory behavior using the Open-field test adapted from (Archer
1973). The set-up consisted of an opaque circular arena in PVC (diameter: 1.25 m, height: 0.80 m)
divided into 5 zones by lines drown on the ground. Four peripheral zones of equal volume were
delimiting a central zone (@ = 41 cm, see Figure 30).

Each hamster was transferred from its cage (with some of its own litter) to a small box (40 Lx15
Wx15H cm), covered with a metal grid. This box was then directly placed on the center of the arena
(Figure 30) and remained closed for 3 min. At expiration of the 3 min, the box was opened and we
started the video recording. Hamsters were filmed for 5 min using a Sony Camcorder. After testing,
each hamster was immediately transferred back in its cage whereas the arena and the box were
cleaned with 70% ethanol. When possible (i.e. 50% of the cases), hamsters were tested twice: the

first test was carried-out between the 30 January and the 5th march 2014 (~4-8 weeks after the
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passage on the summer photoperiod; Open-field 1, N = 100) and the second test was carried out
2 months later (to prevent from any habituation to the arena; Open-field 2, N = 50). Videos were
analyzed by three experimenters: each experimenter analyzed 2-3 variables in all the 150 videos.
The experimenter A recorded (i) the latency between the opening of the box and the exit of the
hamster from the box, (ii) the number of marking (i.e. urine, feces or fur rubbing against the wall
of the arena) and (iii) the time spent self-grooming. The experimenter B recorded (iv) the number
of grooming sequences, (v) the number of body-shaking and (vi) the time spent in the box. Finally,
the experimenter C recorded (vii) the number of transitions between the different zones and (viii)
the number of rearing (i.e. when the hamster raised the upper part of the body). Rearing and
transitions are the most used variables to characterize exploration in rodents (Réale et al. 2007;

Montiglio et al. 2010, 2012, 2013; Careau et al. 2015).

Figure 30: circular arena used in the Open-field tests.

3. Boldness
Data from labyrinth experiments (the Y-maze test, where hamsters were confronted to cats’ urine)
and the test of efficiency of the ATP with a non-mobile ferret (study 6, thereafter called the APT
efficiency test) were confronted to the exploratory data of the present study. Namely, for each
individual, we used (a) the time spent in the branch with the predator odor (Y-maze test), (b) the

time spent close to the predator (APT efficiency test) and (c) the number of U-turns (APT efficiency
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test) as measures of boldness. The variables (a) and (b) are reflecting boldness whereas the (c) is

reflecting shyness.

4. Data analyses
We first investigated for the effects of the age, the sex and the age*sex interaction on both the
number of rearing and the number of transitions in the Open-field (i.e. measures of exploration),
using a Linear Model (LM). Normality of the residuals was tested using a Kolmogorov-Smirnov test.
Multiple comparisons were analyzed via post-hoc LSD (least significant difference) testing. Final
model selection was based on the best AlCc (Akaike information criterion for small samples) value.
The links between exploration (data from the Open-Field) and boldness (data from the Y-maze test,
N = 8 and data for the APT efficiency test with a mobile ferret, N = 8) were analyzed using Linear
Regressions or Spearman correlations when normality was not respected. Data presented are
means * SEM. Analyses were conducted using IBM SPSS software (IBM SPSS Statistics for Windows,
Version 21.0. Armonk, NY: IBM Corp), and the significance threshold was set at p<0.05. Figures

were prepared using GraphPad prism software (Version 5, La Jolla, USA).

Preliminary results

A total of 95 videos have been analyzed up-to-now (Open-field 1). These preliminary results
therefore do not include 5 videos from the Open-field 1 and all the data from Open-field 2. We
found an effect of the age on the number of rearing in the Open-field (F1.01=4.3, p = 0.04), showing
that on average two-years-old individuals performed significantly less rearing than one-year-old
individuals (Figure 31 (a)). However, sex (F1.91 = 0.8, p = 0.4) and sex*age interaction (F1,01=0.1, p
= 0.8) had no effect on this variable. Regarding the number of transitions in the Open-field, no
effects of age (F1.01= 1.0, p = 0.3) and sex (F1,01= 0.8, p = 0.4) were found, but we found an effect
of the sex*age interaction (F1.01 = 7.4, p = 0.01). Post-hoc analyses revealed that one-year-old
females performed more transitions than one-year-old males, and the trend was reversed when

looking at two-years-old individuals (Figure 31 (b)).
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Figure 31: Hamsters levels of exploration in the Open-field according to their age and sex. In (a) is
represented the average number of rearing according to the age (None-year-old = 65 and Ntwo-year-old =
30). In (b) is represented the average number of transitions according to the sex (Nmales = 55 and
Nremales = 40) and age of the individuals. Different letters mean significant differences between the

groups, p < 0.05.

Results from the regressions revealed that the number of rising (exploration, Open-field) was
significantly and positively related (Figure 32 (a); R? = 0.791, p = 0.003) to the time spent in the
branch with the cats’ urine (boldness, Y-maze test). The number of transitions (exploration, Open-
field) was significantly and negatively related (Figure 32 (b); R?> = 0.726, p = 0.007) to the U-turn
frequency (boldness, APT efficiency test with a non-mobile ferret). However, | found no significant

links between the other recorded variables (R? < 0.4 and p > 0.1).
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Figure 32: Linear regressions showing the links between exploration and boldness in the European
hamster. In (a) is represented the regression between the number of rearing (exploration, Open-
field test) and the time spent in the branch with the predators’ urine (boldness, Y-maze test). In (b)
is represented the regression between the number of transitions (exploration, Open-field test) and
the U-turn frequency (boldness, APT efficiency test with a non-mobile ferret). Males (yellow) and

females (dark blue) are represented for information.

Short discussion

These preliminary results highlight the effects of hamsters’ sex and age onto exploration. On
average, 2-years-old individuals are less exploratory than one-year-old ones. However, this trend
seems to be sex-specific. Indeed, females are more exploratory when older whereas the reverse
link is observed for males. In the wild, individuals are generally expected to live for 4 years (Nechay
et al. 1977; Reznik et al. 1978; Fenyk-Melody 2012) but recent data highlight that life expectancy
is less than 2 years in the European range of the species (Franceschini-Zink & Millesi 2008; La Haye
et al. 2014). Given that exploration is linked to dispersion (i.e. more exploratory individuals disperse
more than less exploratory ones) (Fraser et al. 2001; Dingemanse et al. 2003), these results could

have major implications regarding hamsters’ population dynamics in the wild. However, to my
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knowledge, no study has investigated for the interaction between sex and age on hamsters’
dispersion in wild conditions.

These results also highlight the existence of a behavioral syndrome linking boldness and
exploration in the European hamster. The positive links between these two personality traits
echoes what has been found in other species ((Fraser et al. 2001; Boon et al. 2008; Cote et al. 2010;
Rodriguez-Prieto et al. 2011); however, see (Wolf et al. 2007) which predicts a negative link
between boldness and exploration). Therefore, hamsters that were the most exploratory were
also the boldest. Indeed, hamsters that displayed the highest number of rearing and transitions
(Open-Field test) either spent the greatest time close to cats’ urine (in the Y-maze test) or displayed
the less U-turns (i.e. as a measure of shyness in the APT efficiency test with a non-mobile ferret).
Given the well-known link between exploration and dispersion (Fraser et al. 2001; Dingemanse et
al. 2003), it is very likely that these individuals would also be the most dispersing in wild conditions.
They would therefore face the highest risks of predation in wildlife underpasses. We can assume
that the shyest individuals would always use the APT developed in study 5 as a secure area to cross
the underpasses, whereas boldest individuals would be expected to use it only under imminent

threats. However, these assumptions remain to be tested under wild conditions.
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Box 4 - The APT as an anti-predation device or an enrichment under semi-natural conditions?

In preparation !

Hamster using the APT in presence of a ferret in a cage - © CNRS

10:39 PM

Ferret in a cage inside a wildlife underpass, no APT - © CNRS

! Tissier M.L., Bousquet C., Fleitz J., Calibre S., Jumeau J., Habold C. and Handrich Y. An anti-predation device to
facilitate and secure the crossing of small mammals in motorway wildlife underpasses. (I11) Tests with the European
hamster under semi-natural conditions.

203



| > Thematic 2 — Chapter 6: European hamsters’ personality, implications for the use of the APT and tests under semi-
natural conditions

Short introduction

Wildlife underpasses and bridges are often un-adapted to the crossing of small animals (Mata et
al. 2008) and often leads to increased risks of predation (Jumeau & Handrich 2016). Therefore, we
built an anti-predation tube (APT, study 5) to facilitate the safe crossing of small animals within
wildlife underpasses and culverts. Moreover, this APT could be adapted to bigger passages (e.qg.
agricultural overpasses or wildlife bridges), and serve as an ‘enrichment’ to make these passages
more attractive to small mammals. The efficiency of the APT has been tested under controlled
conditions with captive European hamsters (study 6). This last study revealed that hamsters use of
the APT as a refuge when facing an imminent risk of predation. However, before generalizing the
implementation of the APT in wildlife underpasses, we need to ensure that it will indeed increase
hamster dispersion and allow them to safely cross wildlife underpasses. In other terms, we need
to validate its efficiency under wild/semi-wild conditions. Indeed, the environmental factors to
which hamsters are confronted to could affect its crossing or its use of the APT. Such examples are
the length of the wildlife underpasses (~50m long, against 3m long in the controlled conditions),
the traffic noises, the presence of odors or other small-mammals (e.g. voles or shrews). We
therefore designed this study in semi-wild conditions, in which we built two small enclosures at
both extremities of a wildlife underpasses in the French area of distribution of the hamster. We
were therefore able to manipulate the encounter between hamsters and a predator in this
underpass, with and without the presence of the APT. In this last study, we investigated whether
the presence of the APT would:

1) Improve the attractiveness of the underpass, under a predator-free condition. In other
terms, would the APT could serve as an enrichment to be placed inside wildlife underpasses
and to favor hamsters’ dispersion?

2) Improve hamsters crossing and serve as a refuge for hamsters when a predator was present
inside the underpass?

Given the spontaneous use of the APT observed in the study 5 and its use as a refuge in the study
6, we were expecting to observe increased hamsters’ crossing when the APT was placed inside the

underpass under both the predator and the predator-free conditions.
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Methodology
1. Animals and husbandry conditions

A total of 28 two-years-old hamsters were used in this study, among which 14 captive females, 12
captive males and 2 semi-wild males (born from captive hamsters released in 2014 inside an
enclosure of 3000m?). These 2 hamsters were not included in the analyses but were used to verify
that they did not show a marked different behavioral response than captive individuals. Prior and
after the experiments, hamsters were housed individually in transparent Plexiglas cages
(420*265*180 mm, D*W*H) in our captive unit (CNRS, IPHC, Strasbourg). They were maintained
in controlled environmental conditions (temperature 20 °C to 23 °C; 35%-55% humidity;
photoperiod: 16L: 8D). Their environment was enriched with wood and shredded paper. They
were provided with an ad libitum supply of water and food pellets (N° 105, from Safe, Augy,
France). The experimental protocols followed EU Directive 2010/63/EU guidelines for animal
experiments and the care and use of laboratory animals, and were approved by the Ethical

Committee (CREMEAS) under agreement number 02015033110486252 (A PA FIS#397). 01.

2. Experimental protocol

Geographical area and experimental design

Both studies have been carried-out near Blaesheim (Alsace, France) at the intersection of the ‘Voie
Rapide du Piémont des Vosges'. In the summer 2014, a small enclosure (6 m?, enclosure A, Figure
33) was built at one extremity of a wildlife underpass (~50m long), whereas a large enclosure
(3000m?, not represented on the picture) was built at the other extremity (see Figure 30 above).
For the purpose of the two experiments detailed below, we then built a smaller enclosure in the
3000m? enclosure (enclosure B, Figure 33).

Thanks to this design, we were able to release hamsters (all equipped with a RFID transponder) in
the enclosure A and to recapture them after a 16h-period. Basically, hamsters were released at 6
pm and re-captured the next morning at 10 am. The wildlife underpass was equipped with 4 video
cameras, 2 camera-traps and 2 RFID (Radio Frequency ldentification) antenna (schematized in
Figure 33). We were therefore able to record hamsters’ activity in the wildlife underpass during
the entire 16h-period. A food bait was placed inside the enclosure B, in order to motivate hamsters

to cross the underpass. We first investigated for the effects of the APT on the attractiveness of the
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underpass by manipulating for the presence of the APT inside the underpass under a Predator-free
condition (Psee condition). In a second time, we tested for the efficiency of the APT as a predation-
device by carrying-out the same manipulation, but this time in the presence of a predator inside

the underpass (P condition).

Enclosure A RFID antenna (x2) Enclosure B oot

Video camera (x4) Wildlife underpass Camera-trap (x2)

Figure 33: Graphical abstract and pictures representing the experimental design used in the

experiments 1 and 2.

Predator-free condition

This experiment was carried-out from the 16™ September to the 28" October 2015. A total of 12
hamsters were tested, with two tests per hamster, namely with and without the APT inside the
underpass. The order of the tests were randomized for each individuals whereas ensuring for a
minimum of 15 days between the two tests. These tests were carried-out in the total absence of a
predator and therefore just aimed at testing for the effects of the APT on the attractiveness of the

underpass, and to act as a ‘control’.

Predator condition
This experiment was carried-out from the 18™ July to the 15" September 2016. A total of 16
hamsters were tested in this experiment. Each hamster was tested twice: with and without the

APT inside the underpass. The order of the tests were randomized for each individuals whereas
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ensuring a minimum of 15 days between the two tests. In all the tests, a ferret was placed in a cage

inside the wildlife underpass just before introducing the hamster into the enclosure A.

3. Data analyses
Video and camera-traps data are currently being analyzed. Therefore, solely data from the RFID
antenna in are presented in this box. | have investigated for the effects of the presence of the APT
(with and without) on hamsters’ crossing frequency (i.e. number of crossing per hour). The
analyses were conducted separately for the Psee and P conditions using Linear Mixed Models
(LMM; normality of the residuals was tested using a Kolmogorov-Smirnov test). | included the APT
presence, the sex, the order of the test (first or second) and the sex*APT presence interaction as
fixed factors. Finally, the identity of the individuals was included as a random factor for repeated
measures on the same individual in both LMM. Model selection was based on the lowest AlCc
values. Analyses were conducted using IBM SPSS software (IBM SPSS Statistics for Windows,
Version 21.0. Armonk, NY: IBM Corp), and the significance threshold was set at p<0.05. Figures

were prepared using GraphPad prism software (Version 5, La Jolla, USA).

Preliminary results
Under the Pfree condition (fall 2015), hamsters crossed the underpass 0.45+0.15 times/hour on
average. However, | found no effects of any of the variables on the crossing frequency under this

condition (LMM; see Table 8, left). The model with the best AlCc is provided.

Source Df F p-value Source Df F p-value
Intercept 1;2 10.78 0.13 Intercept 1,6 0.68 0.44
Sex ;12 1.11 0.31 Sex 1,14 0.01 0.96
Condition 1;10 1.99 0.19 Condition 1;11 0.89 0.37
Sex*Condition  1;10 3.26 0.10 Sex*Condition  1;11 10.83 <0.01

Test 1,10 0.75 0.41

Table 8: output of the Linear Mixed Models on hamsters’ crossing frequency. The output is

represented for the Psee condition (left, grey) and the P condition (right, yellow).
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Under the P condition (summer 2016), hamsters crossed the underpass 0.11+0.14 times/hour on
average. | found a significant effect of the sex*condition interaction on this variable, but no effects
of the sex, the order of the test or the condition (LMM; Table 8, right). Post-hoc analyses revealed
that the presence of the APT significantly increased males crossing frequency but had no effects

on females (see Figure 34).
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Figure 34: crossing frequency according to the presence of the APT and the sex of the hamsters
under the Predator condition. Different letters mean significant differences between the groups,

p<0.05.

Short discussion

Contrary to our initial predictions, the APT do not seem to make the underpass more attractive,
and therefore do not serve as an enrichment. Indeed, neither males of females crossed more the
underpass in the presence of the APT. However, this conclusion cannot be extended to all the
underpasses or to other small mammals. Indeed, the underpass used in this study was ~50 m long,
and therefore one of the longest in the area of presence of the hamster. Moreover, the
underpasses in this area have different shapes (oval, rectangular) and diameters (from 80 cm to 2
meters). All these parameters could likely influence hamsters’ decision to cross and the importance
of the APT as an enrichment. Regarding other species, we highlighted in the study 6 that the

hamsters was a bold species (or risk-prone), and did not display the same behavioral reactions than
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other small mammals when faced to predation cues. We also highlighted that hamsters did not
increase their use of the APT in presence of a non-mobile predator whereas they increased it in
presence of a mobile predator (i.e. an imminent threat). Therefore, the APT might not be of use
for them in absence of predation risks. In contrast, shyness species that are rather risk-averse (Wolf
et al. 2007; Réale et al. 2007; Furtbauer et al. 2015), might benefit more of the presence of the
APT inside the underpass, even under a Psee condition. This assumption remains to be tested by
investigating the use of the APT by other small mammals (e.g. voles and shrews) under natural
conditions and by analyzing in parallel their position on the shyness-boldness continuum.
Nonetheless, although the APT did not serve as an enrichment, these preliminary results tend to
confirm its efficiency as an anti-predation device. Indeed, its presence significantly increased
males’ crossing. Given the results of the box 4, males are the individuals that would benefit the
most of the presence of the APT. Indeed, this experiment was carried-out on two-years-old
individuals and results of the box 4 highlighted that two-years-old males are more exploratory than
two-years-old females and therefore likely more dispersing (Fraser et al. 2001; Cote et al. 2010)).
Very likely, these results would be reversed in one-year-old individuals, in which females (more
exploratory than males at that age; box 4) would the most benefit of the presence of the APT when
a predator is present in the underpass. Taken altogether, these results therefore support the
implementation of the APT in the French area of distribution of the hamster.

Finally, it isimportant to be noted that hamsters’ crossing frequency was three times greater under
the Pfree condition (0.45+0.15 crossing/hour) than under the P condition (0.11+0.14 crossing/hour).
However, since the samples of hamsters changed between the two experiments and given that
they were not carried-out at the same period (i.e. summer and fall), these results are hardly
comparable. However, this observation would benefit of another experiment to investigate
whether this is an artefact of the season or the pool of hamsters tested, or indeed an effect of the

predators’ presence onto the hamsters’ decision to cross.
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« Behavioral ecology has been slower than other fields in responding to the current conservation

crisis and its changing research needs »

Bruce A. Robertson, 2013

From behavioral ecology to
conservation: limits, perspectives and
recommendations

Content:

1. Limits and scientific perspectives to our studies (Thematic 2)
2. Applied perspectives and recommendations for the conservation of the European hamster:
how to improve road infrastructures and beyond?
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Carrying out behavioral studies under controlled conditions allowed us to conceive a new anti-
predation prototype (APT). We then tested for its optimal characteristics for the hamster (study 5)
and its efficiency in the presence of a predator (study 6). The results of the study 6 also bring new
information on the behavioral reaction of the European hamster toward different predation cues.
Finally, the chapter 6 (boxes 3 and 4) bring some insight onto the underlying mechanisms
explaining the boldness of the European hamster (box 3) and confirm the efficiency of the APT
under semi-natural conditions, but for males only (box 4). Because these studies were conducted
under controlled conditions, they allow to produce results that improve the understanding of
hamsters’ behavior, some of which are directly applicable to its conservation. However, our set-

ups also face some limits that are described and discussed below.

1. Limits and scientific perspectives to our studies (Thematic 2)

Captive-reared animals

Despite Blumstein et al. highlighted the maintenance of antipredatory behavior in captive-reared
marmots (Blumstein et al. 2006), some researches have revealed a decrease in the response of
captive hedgehogs to predation cues (Ward et al. 1996). This ‘inconsistency’ might arise from the
variance existing in rearing conditions, the time that the colony has spent in captivity or could
species-specific. Nonetheless, these observations imply that the results obtained in our studies
would benefit of being carried-out with wild individuals. As indicated in the box 4, two semi-wild
males were included in our study aiming at investigating the efficiency of the APT as a refuge for
hamsters. Given the reduced sample-size, these two males were not included into statistical
analyses. However, they did not show any apparent difference with captive individuals in the
frequency at which they crossed the underpass. Nonetheless, further studies are needed to
investigate whether this can be generalized to a larger sample of semi-wild, or even wild
individuals. Moreover, futures studies should also investigate how semi-wild or wild hamsters
respond to the presence of a predator and whether they show the same mobbing and attacks than
captive-reared individuals. These studies should pay attention to the latency of response to
predation cues of captive-reared compared to wild individuals, which could be an important

determinant of the survival of captive-reared hamsters after being released in the wild.
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Small sample-size

Broadly, the mall sample-size of our experiments is the major limit faced in our studies (studies 5
and 6, box 4). Indeed, given the great inter-individual differences observed in the response to the
predator, we obtained several ‘specific responses’ that can hardly be generalized to a population.
For example, in the APT efficiency test with a non-mobile ferret (study 6), 3 males displayed
mobbing behaviors and even attacked the predator, whereas the 4™ male and the 4 females did
not. Therefore, we observed no changes in the frequency of agonistic behaviors when comparing
the Predator and Predator-free (Psee) conditions at the level of the sample studied (N=8). However,
we could imagine that further increasing the sample-size would increase the number of males
displaying this behavior, reveal a sex*predator interaction or would show that some females also
display this behavior. For instance, in the second APT efficiency test (N=16), this time with a mobile
ferret (study 6), females also displayed mobbing and attacks towards the ferret, and at a higher
frequency than males. Therefore, when looking at results of both of these experiments, it is hard
to conclude on the potential sex effects regarding the use of the offensive or defensive strategy
towards a predator such as the European ferret. These small sample-size were justified by
technical and ethical reasons. First, we wanted to prevent from any habituation from the ferret
towards hamsters. Second, the available individuals in our breeding unit for these experiments
were limited. Third, the 3-R rule (Reduce, Replace and Refine) implies to reduce the number of
used individuals as much as possible. This sample-size reduction is especially important for animals
used in experiments carried-out under stressful conditions (which was the case here, in these
experiments carried-out under predation risks). Nonetheless, given the important inter-individual
differences, | would recommend to at minima: i) increase the sample size to 15 males and 15
females in each experiment, ii) including wild or semi-wild individuals in the study and iii) if possible,

including individuals of different age in future experiments.

Daylight conditions of our studies
For technical reasons, but also because European hamsters have been observed crossing wildlife
underpasses in the Alsace during the day (adjacent Figure 35), our studies on hamsters’

antipredatory behavior and personality were carried-out during the day. Given that the hamster is
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reported to be a nocturnal or crepuscular species during the active period (Fenyk-Melody 2012),

this could have created a bias in the results that we o

obtained (i.e. on the reaction towards the ferret or
regarding hamsters’ exploration). Nonetheless, the

population of hamsters in Vienna (Austria) is mostly

active during the day (Schmelzer & Millesi 2003). In

the Alsace, recent data reveal that hamsters shift

their daily pattern of activity and become mostly

Figure 35: A European hamster crossing a

active during the day after wheat harvest in July

wildlife underpass during the day. ©
(Albert et al. 2014). Therefore, hamsters seem to be

rather flexible in terms of activity patterns in the Jonathan Jumeau

wild, which are not restricted to nocturnal/crepuscular periods unlike in captive conditions
(Wollnik et al. 1991; Monecke & Wollnik 2005). Therefore, hamsters are not typical nocturnal
rodents that would display patterns of activity only during this period of the day (Fenyk-Melody

2012).

Choice of the predator

Regarding the choice of the predator, our studies were conducted using cats’ urine (Y-maze test,
study 6) and the European ferret (APT efficiency tests, study 6). These choice were made for two
reasons. First, most of the cases of predation observed in wildlife underpasses in the Alsace were
imputed to cats (Jumeau & Handrich 2016). Second, the European ferret was chosen because this
species is known to enter hamsters’ burrow in the wild (see Figure 36) and could therefore pose a
threat to hamsters inside the APT. However, preys’ behavior towards the presence of a predator

might depend onto the type of predator (Apfelbach et al. 2005).

Figure 36: polecat exiting from a hamster burrow. © ONCFS
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Therefore, hamsters might not react in the same way towards foxes than they reacted towards
ferrets. Indeed, it is very unlikely that they will benefit from the bold behavior/mobbing that they
displayed in the study 6 regarding big predators such as foxes. Therefore, hamster’s response
towards such predators might be consistently different and remain to be investigated. This is even
more justified given the important predation pressure operating onto recently released captive-

reared hamsters (Villemey et al. 2013), especially by foxes (see Figure 37 below).
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Figure 37: Foxes predating adult hamsters. In (a), a case of predation at the burrow entrance is
shown. In (b), a fox that managed to penetrate inside a releasing unharvested field of wheat

(surrounded by fences) and that captured two newly released hamsters. © ONCFS

214



I D> Thematic 2 — Chapter 7: From behavioral ecology to conservation: limits, perspectives and recommendations

Personality

Regarding exploration, and as indicated in the box 4, part of the data remain to be analyzed, namely
regarding the open-field 2. These data will allow to ensure for the repeatability of exploration in
our analyses, which is a prerequisite to validate the existence of personality (Réale et al. 2007).
Indeed, to be able to consider the pattern that we observed as personality traits, the inter-
individual differences observed need to be repeatable across time and situations (Réale et al. 2007,
Dingemanse et al. 2010). Given the existing links between personality and fitness (see Figure 38
below), a better understanding of hamsters’ personality, at the scale of the population in our

breeding unit could allow a better understanding of the survival and reproductive success of newly

released hamsters.
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Figure 38: Diagram illustrating the proposed framework of (Réale et al. 2007) for the ecology of

personality (or temperament) traits. The arrows represent the main (but not all possible) links

between the illustrated variables.
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2. Applied perspectives and recommendations for the conservation of the European

hamster: how to improve road infrastructures and beyond?

Hamsters’ personality and conservation

Results shown in the box 4 highlight the importance of understanding the inter-relation between
exploration and boldness in hamsters regarding their use of the APT developed in the study 5.
However, these results could be more broadly applied to the conservation of the species. Indeed,
restocking methods take place every year in the Alsace (Villemey et al. 2013), with between 200-
400 one-year old hamsters released every year. In the box 4, we highlighted a sex*age interaction
effect on hamsters exploration, as well as a positive relation between exploration and boldness in
two-years-old hamsters. Given the existing links between exploration, boldness and dispersion or
survival in several taxa (Dingemanse et al. 2003; Réale et al. 2007; Boon et al. 2008; Cote et al.
2010), it is very likely that the specific release of one-year old hamsters creates a bias affecting
hamsters’ population dynamics (De Roos et al. 2003). Moreover, many other traits such as parental
style, foraging efficiency or more broadly reproductive success are also associated to individuals’
age and personality types (Broussard et al. 2003; Boon et al. 2007; Réale et al. 2007). Therefore,
restocking programs (also developed in other European countries (Miskens et al. 2008; Sander &
Weinhold 2008), should ensure to release hamsters of varying age and sex, while trying to ensure
for a diversity of behavioral phenotypes/personalities. Indeed, exploratory or bold individuals
usually face a higher risk of predation but have greater dispersion and foraging capacities (Fraser
et al. 2001; Réale et al. 2007; Cote et al. 2010). However, some studies have also revealed a greater
reproductive success in bold, compared to shy individuals (Réale et al. 2009; Ariyomo & Watt
2012). Therefore, ensuring for the behavioral diversity of the released pool of hamsters could allow

to maximize the fitness at the population level.

The APT efficiency and road infrastructures improvement

Given the limits of captive conditions explained above, there is a need to pursue the tests regarding
the efficiency of the APT under wild conditions. To that aim, | have collaborated with Jonathan
Jumeau on this project in the past 2 years. This collaboration will allow to ensure for the efficiency
of the APT on a large-scale basis. It will also offer the opportunity to investigate whether the refuge

function of the APT is indeed greater for shyer prey-species than hamsters (e.g. shrews or voles).
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Validating the efficiency of the APT under wild conditions
Jumeau J., Tissier M.L., Handrich Y.
Approach:
In order to investigate for the efficiency of the APT for hamsters and other small mammals, a
study started in 2015 in the Alsace. In the framework of this study, 8 wildlife underpasses have
been monitored, among which 4 were equipped with the APT. The main goals were to:

1. Find the best localization (i.e. central or lateral, with external extremities or not) to place
the APT whereas taking into account the natural movements of wildlife inside the
underpasses.

2. Monitor the behavior of wildlife towards the APT. Specifically, to investigate for its
efficiency as an anti-predation device for small mammals whereas ensuring that it does
not impair the crossing of bigger animals.

3. Investigate for the role of the APT as a device improving the attractiveness of the
underpass for small mammals, in the absence of a predator.

Progress:

Data analyses are ongoing. However, up-to-date analyses suggest an important use of the APT
by small mammals (voles and field mice) and by their smallest predators (stoats and weasels).
One paper is expected to be published on this first study. The writing is expected to start in the
summer 2017.

Perspectives:

The study continues in 2017, with the implementation of the APT in agricultural underpasses
(see Figure 39). These structures are too large and therefore not-adapted to the crossing of small
mammals. The implementation of the APT in these structures could therefore allow to improve

their attractiveness for small mammals, which could use the APT as a specific underpass.

—E

; 7,:;;..}3 Figure 39: An agricultural underpass in the Alsace.
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The trends observed in this study carried-out in wild conditions seem to confirm the positive
function of the APT observed under captive and semi-wild conditions and to generalize it to other
species than hamsters. Therefore, given the state of hamster populations in the Alsace, | would
recommend to implement the APT in all the wildlife underpasses present in the French area of
distribution of the species, before further investigations. In that aim, recommendations on the
implementation of the APT will be given to road builders and the Ministerial organization (DREAL)
in the Alsace. Basically, the recommendations for the APT implementations are based on three

points:

1. A 10 cm-diameter PVC tube with lateral openings every 1-meter on both side of the device.

2. The low costs (in time and money) of the implementation of such device. Indeed, the
average cost of the APT is estimated at 1.65€/meter, which corresponds to a price of 49.5€
for a wildlife underpass of 50m.

3. | would recommend to let the APT protrude from the underpass with several exits to give

hamsters the opportunity to escape a predator that could wait at the exit.

These recommendations will be discussed with urban/road developers. Then, first
recommendations will be given under the form of ‘Action sheets’ that will be adapted to the size
and shapes of the different wildlife underpasses in the Alsace (see Appendix 2). Moreover, in the
framework of the ALISTER project, | will write a French report to be distributed to road builders

and local authorities, including recommendations based on the main results of my studies.
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> Global conclusion and extension to a broader context

1. Improvement of the French habitat of the European hamster: conclusions from the

data presented in this manuscript

Urge to improve hamsters’ habitat in France

As indicated in the chapters 4 and 7, investigations are still needed to better understand to which
extant the results presented in this manuscript could be applied to wild populations. However,
some of these results can already be implemented to improve its French habitat. Given the highly
threatened status of the species in France (with less than <1000 individuals in the wild), and the
up-to-now maintenance of a good genetic diversity (Reiners et al. 2014), some results can already
be implemented to improve the French hamsters’ habitat and to preserve the species in the Alsace.
First, there is an urgent need to reduce cereal monoculture in the Alsace as well as non-cultivated
fields, either during summer for wheat, or during winter and spring for maize. Instead, mixed-
farming, fine-scale mosaic of crops in the landscape and the restoration of adventive plants need
to be promoted. Secondly, regarding wildlife underpasses, the implementation of the APT should
be started before the research investigations validating the efficiency of the device (described in
chapter 7) are terminated. Indeed, given the low costs of the APT, its ease of installation, its refuge
function for hamsters in the presence of a predator and given that it is not impairing the crossing
of bigger mammals (Jumeau J., personal comm.), wildlife underpasses in the French area of

distribution of the species should all be quickly equipped, and ideally monitored.

The importance of farmers, policymakers and local authorities

The improvement of French farmland cannot be achieved without farmers. Up-to-now, this work
has been realized thanks to a close collaboration implemented by the CARA and the ONCFS with
farmers, which needs to continue and to be reinforced. Moreover, there is therefore a strong need
to inform farmers of the ongoing work, research findings and to include them in the different
processes. For instance, the CARA gave me the opportunity to present results of the Study 2
(revealing the major negative effects of maize consumption onto hamsters’ reproduction) in front
of a group of 30-40 farmers in 2015. This provided me the opportunity to exchange about my work
with them and | received a very good feedback. Moreover, the discussions that we had following
this presentation allowed me to include some of the requests in my experiments, namely regarding

the integration of soybeans in the study 4. Later on, | had the opportunity to discuss the results of
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the study 4 with some of these farmers and one was very enthusiastic regarding the
implementation of the wheat-soybean associations, currently ongoing. These are just personal and

specific examples regarding the benefits of sharing research with the farming community.

However, even though an increasing number of farmers are involved in benefic actions towards
hamsters and farmland biodiversity in the Alsace, a great complexity regarding the implementation
of promising agricultural techniques favorable to the hamster remains. Indeed, many farmers often
suffer from retards in the payments of the CAP compensations, such as unharvested wheat. These
retards put them at economic difficulties, especially for farmers with small-size exploitations.
Moreover, many farmers start to be concerned about the fact that for many years (i.e. since 2002),
many actions have been implemented for hamsters in the framework of the 3 PNAs. Nonetheless,
despite this great investments (in terms of money and work), populations of hamsters are still not
increasing. Finally, many of them have an impression of inequity regarding the ‘costs to pay’ for
hamsters conservation. Indeed, agriculture and farmers are pointed as responsible for hamsters
decline, and they are urged to take actions to remedy to it. But, as a farmer once asked ‘Among all
the people concerned by the fate of the hamster and the biodiversity, how many do actually

impute part of their salary into conservation? Because that is what you all ask us to do.’

Regarding the implementation of the APT, in order for it to be effective, discussions need to be
rapidly initiated with road-builders. These discussions would allow to inform them of the
characteristics, benefits and advantages of the APT. This would also be the opportunity to present
and distribute the action sheets (Appendix 2) for the implementation of the APT depending on the
characteristics of the wildlife underpass. These sheets could then be made available by local
authorities, such as the DREAL and the Direction Départementale des Territoires (DDT), through
their respective website pages. These local authorities should also have the responsibility to ensure
for the maintenance of the APT once installed in the wildlife underpasses in the Alsace. This
maintenance for examples includes to ensure for the correct installation and fixing of the APT or
for its cleaning (mostly during period of elevated rainfall or mud flows in spring). Indeed, there is a
risk that the APT would become clogged or that with mud and rain it would be displaced. | will
further develop these problems and offer potential solutions in a report that | will write — in the

framework of the ALISTER project — for the European commission and these local authorities.

221



> Global conclusion and extension to a broader context

Benefits to other species and adaptation of our results in other European countries

As indicated above, the European hamster is an umbrella species and these measures destined to
improve its habitat should therefore benefit other species. In the Alsace, according to the last
published Red List, 91% of the (described and monitored) species inhabiting the same farmland
habitat than the hamster are threatened or endangered. This percentage includes two plant-
species (the common Corncockle, Agrostemma githago and Arnoseris minima); two bird-species
(the Yellowhamer, Emberiza citrinella and the Eurasian stone-curlew, Burhinus oedicnemus); two
odonate species (the Southern damselfly, Coenagrion mercurial and the Ornate bluet, Coenagrion
ornatum); one solitary-bee (Colletes hylaeiformis), one fish (the spined loach, Cobitis taenia) and
one mammal species (the European hamster). The butterfly Arethusana arethusa has already gone
extinct in the Alsace Region. All these species could benefit from the restoration of adventive plants
- as it has already been shown in solitary-bees (Wood et al. 2016) — and from the features of a
more heterogeneous farmland habitat, which namely provides wildlife with more diverse diets and
various habitats to reproduce, to nest and to hide from predators (Stoate et al. 2001; Benton et al.

2003; Wilson et al. 2005).

Moreover, results of the studies 2-6 could be applied to other European countries where
conservation measures are implemented for hamsters. For instance, thanks to the exchange that
takes place at the Annual Meetings of the International Hamster Workgroup (IHWG), some results
of the study 4 are already used in other countries. For instance, researchers from Bavaria
(Germany) and conservationists in Austria, will include the maize-sunflower and wheat-soybean
crop-associations in the recommendations that they make towards local authorities for the

hamster conservation.

2. Conciliating economy, human development and biodiversity: is it feasible?

The Biodiversity and agricultural crises

In the introduction, | presented and discussed the advantages and limits of estimating the price of
biodiversity. One of the main advantages is that this approach has allowed to include biodiversity
conservation into policy making. Given the high costs associated to its decline, biodiversity

therefore became a central point in research during the past decades, and more and more citizens
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and politicians start to be concerned by this biodiversity crisis. However, things are moving on too
slowly, and many politicians and policymakers still remain hermetic/skeptical to global change, or
to their implication into biodiversity loss. Nonetheless, human populations are also directly and
increasingly affected by global change. For instance, climate change has already caused massive
emigrations and the emergence of violent conflicts because of heat stress, which could threaten
human security (Barnett & Adger 2007; Reuveny 2007; Mueller et al. 2014). The currently rising
global temperatures have also caused several Anthrax outbreaks in Northern Siberia (the two latest
occurredin 1941 and 2016) because of the ‘reactivation’ of the bacterium Bacillus anthracis, which
is mortal for humans and wildlife (Guarino 2016; The Siberan Times Reporter 2016). Finally,
human-induced climate changes also increasingly threaten crop yields (Fargione et al. 2009; van
der Velde et al. 2012; Hawkins et al. 2013). This could impact food security at a global scale and
would consequently increase problems of undernutrition across the world (Myers et al. 2016).
Current investigations to reduce this trend in crop yields reduction include: 1) crop diversification,
2) generalization of agro-ecology, 3) restoration of landscape heterogeneity and 4) restoration of
crop rotations, which echoes the recommendations made in the chapter 4 for hamsters and

biodiversity preservation (Cirad 2009; INRA 2016).

Regarding agriculture intensification, it is now well-known that the associated uses of pesticides
are responsible of humans neurodegenerative diseases or cancers (Senanayake & Karalliedde
1987; Wesseling et al. 2002; Alavanja et al. 2003; Baltazar et al. 2014). Moreover, an elevated
consumption of corn syrup seems to be partly involved in the high prevalence of obesity in the US
(Bray et al. 2004). Important maize consumption would also be linked to the chronic diseases and
carcinoma epidemics recorded in African populations (Isaacson 2005; Dutton 2009). Furthermore,
recent Pellagra (the 3D diseases caused by a niacin deficiency) outbreaks have been recorded in
Nepal, Angola, Zimbabwe, Malawi, Mozambique and South-Africa (Wan et al. 2011). More broadly,
many populations still suffer from important nutritional deficiencies across the world, namely of
essential micronutrients such as iron, zinc, omega-3 fatty-acids and vitamins A and E (Millennium
ecosystem assessment 2005; Cheung et al. 2016; Golden et al. 2016). Currently, 17% of the world
population is zinc deficient, whereas 20% of pregnant women worldwide are iron deficient and

30% are Vitamin A deficient (Cheung et al. 2016). Moreover, another 11% of the current global
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human population is expected to become deficient in one of these micronutrients because of fish
overexploitation (Golden et al. 2016). Deficiencies in these micronutrients can impair child growth
and women pregnancies, but can also result in increasing hear-diseases and cancers rates
(Millennium ecosystem assessment 2005; Vanbergen 2013; Daily & Karp 2015; Golden et al. 2016).
These studies therefore strengthen the conclusions made in the study 2 regarding the negative
effects of intensive monoculture crops on the reproduction of the hamster, and more broadly on
animal species, including humans. Recently, researchers have started to link the decrease in
ecosystem services such as pollination and soil functioning to a decrease in these essential
micronutrients (i.e. iron, vitamins A and E) (Brittain et al. 2014; Chaplin-Kramer et al. 2014; Smith
et al. 2015). Many of the most pollinator-dependent crops are also among the richest in
micronutrients essential to human health (Chaplin-Kramer et al. 2014) and human micronutrient
deficiencies are more likely to occur in areas with high pollination dependence for vitamin A and
iron (Chaplin-Kramer et al. 2014). We are therefore facing massive global modifications of food
resources, which are expected to become more and more important with the observed decrease

in yields, soil depletion, and decrease in the micronutrient contents of many food items.

Therefore, we need to remind ourselves that we do not need biodiversity, but rather that we are
part of it and to start reconsidering our perceptions of global change and of the current crisis of

mass extinction.

The concept of Ecosystem Services (ES), which is too simplistic, not entirely accurate (e.g. do not
represent to a full extent the global motivations to protect biodiversity and highly
anthropocentric), starts to become outdated (Comberti et al. 2015; Gunton et al. 2017)) Very
recently, a new framework which goes beyond the ecosystem services approach has been
proposed (Gunton et al. 2017): the Ecosystem Valuating Framework (EVF). Authors propose to
value ecosystems throughout a suite of aspects integrating ecological, cognitive, communal and
ideological categories into the framework of this approach (Figure 40, (Gunton et al. 2017)). The
core of this framework is to estimate the value of an ecosystem by including all the aspects of it
and integrating the specific value given by all the stakeholders. Each stakeholder will value any
given ecosystem to varying degrees (negatively or positively) for each of the 12 aspects presented

on the Figure 40 below. The final evaluation consists in attributing relative scores on (as many as
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possible) these axes of valuation. Gunton et al. (Gunton et al. 2017) also highlight that this
framework could be applicable to developing countries or non-Western cultures, that are often
found in parts of the world of great conservation importance (Comberti et al. 2015) and generally
the most affected by conservation efforts under the ES concept and hot-spot approaches
(Millennium ecosystem assessment 2005; Comberti et al. 2015). Moreover, these populations also

face many inequities and are paying the highest costs of global change and biodiversity loss.
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Figure 40: The Ecosystem Valuating Framework (EVF). The suite of aspects for valuing ecosystems
is shown as rays emanating from an ecosystem (site) of interest. The ecological category is
indicated in green, cognitive in blue, communal in red and ideological in purple. Examples of
stakeholders specialized in each kind of valuation are named in boxes, and some categories of
value associated with each aspect around the periphery. An assessment ought to consider all the

aspects for (i) a specific place and relevant stakeholders, or (ii) specific stakeholders and all relevant

places. Extracted from (Gunton et al. 2017).
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Inequality in the costs and benefits between human populations in the face of these crisis

There are strong disparities between developed countries and poorest populations in terms of
costs and benefits of conservation efforts on the short-term and long-term bases (Edwards &
Abivardi 1998; Myers et al. 2013; Bayles et al. 2016). Indeed, populations from developing
countries face high inequalities compared to people from Westernized Countries and are facing
higher risks of heat stress, undernutrition or ‘payback’ of ecosystem alteration (e.g. Mangrove
degradation) (Myers et al. 2013; Bayles et al. 2016). And unfortunately, these disparities and
inequalities are expected to further increase with climate changes in these developing countries
(Diaz et al. 2006), since when protein and vitamins from local food resources (e.g. crops and
hunting), decrease as a result of habitat loss, climate change and reduced pollination services, the

richest can still purchase them, whereas the poorest cannot.’

In Westernized Countries, inequalities also exist between whom is ensuring the costs of
biodiversity conservation and whose it benefits at the intra-population level. Indeed, biodiversity
often benefits the society as a whole whereas the costs and efforts of preserving it generally fall
upon the individual (Edwards & Abivardi 1998). | gave such an example on the previous paragraph
regarding the benefits of changing conventional farming (i.e. benefits for the society as a whole)
and the costs (i.e. that usually fall upon farmers). In order for agricultural changes to be efficient,
the approach needs to integrate the society, the media, the educators, the policymakers as well as
the scientific community: everyone needs to be involved and integrated as stakeholders, and not
only concerned about global change or the biodiversity crisis. For instance, if citizens want to
benefit from an improved farming approaches, they need to be prepared to pay a higher price for
it and to change their way of eating. This should be supported by policymakers. In parallel,
educators and media play a major role by informing citizens and teaching the young generations.
This integrated approach appears feasible under the EVF framework described above (Figure 40),
but would greatly depends on policymakers and citizens. To my opinion, only such integrated
approach can be efficient on a long-term basis, and should allow reducing human-induced global

change as well as inequities between the costs and benefits of these efforts.

A good example to close this thesis is the organic canteen in the municipality of Barjac (in the Gard

Region, Southern France). For 10 years now, organic and mostly local meals are provided to
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children at the school of this French municipality. The mayor, Mr. Edouard Chaulet, is at the base
of this decision, aiming at supporting local farmers and producers, favoring organic farming,
providing healthy meals for the children and teaching them about the importance of good food
choices and habits. The meals cost 8.5€, but only 2.5€ are asked to the families, and the
municipality pays the difference. Through this approach, and by educating the children that will be
the policymakers, citizen, scientists, journalists and educators of tomorrow, | believe that this
decision would reveal to be very efficient and expect that it would be generalized to other

municipalities soon.
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APPENDIX | — Fiches actions pour I'amélioration des passages a faune des
infrastructures de transport.

2017

Le tube anti-predation — TAP — une solution pour sécuriser la traversée des micro-mammiféres,
dont le Grand hamster, dans les passages a faune en Alsace.

Un systeme a adapter aux différents passages a faune

Conception du TAP : Mathilde L. Tissier, Jonathan Jumeau, Julie Fleitz, Yves Handrich.

Rédaction des fiches-action : Julie Fleitz, en collaboration avec Mathilde L. Tissier et Yves Handrich.
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FicHEA : ENRICHISSEMENT DES PASSAGES INFERIEURS TYPE « GRAND »

Surface au sol > 50cm de chaque Tubes de forme F2

coté des TAP — Diamétre de 10cm

CRSAEERTd BUvETEITE= 1 Positionnés au centre du passage

Passages concernés : Passage 1 (VRPV), Passage 3 (A35), passage 6 (A35) et passage 7 (VRPV)

BUSE RECTAN GU LAIRE Passage 1,3, 6 et 7 —vue aérienne |
type Vogel Béton ou similaire ! i

S5cm

10x10 10x10 = g
LONGUEUR 1,50 m! .zotxm.; |
/ @ - | 51m-24m-25,5m—24m |
SECTION IltlT. 120 x 50
"Tg—————e e
;] X TG Passage 1, 3, 6 et 7 — vue latérale
: 74 | I
14 120 14 § 200em} i
148 : :

51m-24m—25,5m—24m

Schémas généraux avec dimensions, distances et positions du dispositif anti-prédations pour les passages rectangulaires 1, 3,6 et 7

POINTS CLEFS
v Présence d’un sol naturel au contact duguel les animaux pourront se déplacer dans le tunnel et
dans le dispositif anti-prédation

v’ Surface plate et large de chaque cété des TAP qui facilite le guidage et la progression des autres
especes notamment des amphibiens

v La dimension et la forme de ces passages a faune permettent la mise en place des tubes anti-
prédation les plus adaptés au Grand hamster

PRECONISATIONS VISUEL

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé
aux équipes d’entretien des accotements.

Le sol naturel du tunnel doit étre le plus régulier possible : vérifier
gue le sol en terre ne présente pas de fortes irrégularités ce qui
diminuerait |'efficacité des TAP.

Les tubes anti-prédation doivent étre raccordés les uns avec les
autres: lors de la mise en place, il est important de vérifier la
continuité du dispositif et sa rectitude tout au long du tunnel

Des vérifications réguliéres doivent étre effectuées : aussi bien aux
abords que dans les passages a faune afin de garantir une efficacité
maximale des tunnels et des dispositifs anti-prédation sur le long
terme.
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FicHE B : ENRICHISSEMENT DES PASSAGES INFERIEURS TYPE « MOYEN »

Surface au sol < 50cm de chaque
coté des TAP /

Coefficient d’ouverture 2 1

Tubes de forme F2
Diameétre de 8&m

Positionnés au centre du passage

Passages concernés : Passage 2 (VRPV) et passage 5 (A35)

LONGUEUR 2,40 ml 1 Passage 2 - vue aérienne
~N

w508

50,4m |

Passage 2 — vue latérale

50,4m

Schémas généraux avec dimensions, distances et positions des tuyaux en béton type Moduloval ou similaire pour le passage 2

LONGUEUR 10u2ml Passage 5 -vue aérienne 1
. | |

%Y = | ;

asen

7R =

w001

SECTION INT. 100 x 75 / ©

7

Passage 5 — vue latérale

36m

Schémas généraux avec dimensions, distances et positions des cadres en héton pour le passage 5

POINTS CLEFS

v' Présence d’un sol naturel au contact duguel les animaux pourront se déplacer dans le tunnel et dans le

dispositif anti-prédation

v'  Diameétre des TAP légérement réduit, ce qui incitera peut étre davantage d’autres micromammiféres a utiliser
le dispositif tout en laissant une surface au sol suffisante pour les autres espéces

PRECONISATIONS

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé aux
équipes d’entretien des accotements.

Le sol naturel du tunnel doit étre le plus régulier possible : vérifier que le
sol en terre ne présente pas de fortes irrégularités ce gui diminuerait
I'efficacité des tubes anti-prédation.

Les tubes anti-prédation doivent étre raccordés les uns avec les autres:
lors de la mise en place, il est important de vérifier la continuité du
dispositif et sa linéarité dans le tunnel.

Des vérifications réguliéres doivent étre effectuées : la surface au sol
disponible étant réduite, il est d’autant plus important de vérifier gu’aucun
obstacle n’entrave le déplacement des animaux.

VISUEL
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FicHe ¢ : ENRICHISSEMENT DES PASSAGES INFERIEURS TYPE « MINI »

Surface au sol < 50cm de chaque
coté des TAP

Coefficient d'ouverture <1 Positionnés sur un des cotés du passage

Tubes de forme F2

Diameétre de 8cm

Passages concernés : Passage 4 (A35) et passage 8 (VRPV)

vy

BUSE RECTANGULA'RE Passage 4 et 8 -vue aérienne |
type Vogel Béton ou similaire !
5x§ 15):5 § |
| ' i m\l

26,4m=-22,5m |

VY 77, Tl :
/ SECTION INT. 60 x40@ |
e

108

74

| Passage 4 et 8 — vue latérale
@Ml 27 = ol
7 60 7 %0

25,4m—22,5m

Schémas généraux avec dimensions, distances et positions du dispositif pour les passages 4 et 8

POINTS CLEFS

dispositif anti-prédation

le dispositif

v" TAP sur un des cbtés afin de laisser un espace suffisant aux autres espéces a I'intérieur du passage a faune

v" Présence d’un sol naturel au contact duquel les animaux pourront se déplacer dans le tunnel et dans le

v'  Diamétre des TAP légérement réduit ce qui incitera peut étre davantage d’autres micromammiféres a utiliser

PRECONISATIONS

Les TAP peuvent étre fixés aux parois du passage a faune : pour éviter
gue les tubes ne bougent au centre du tunnel et bloguent le passage des
animaux.

Mise en place de tubes non coupés (forme ronde) : au cas ou le sol du
passage serait trop irrégulier.

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé aux
équipes d’entretien des accotements.

Le sol naturel du tunnel doit étre le plus régulier possible : vérifier que
le sol en terre ne présente pas de fortes irrégularités ce qui diminuerait
I'efficacité des tubes anti-prédation.

Les tubes anti-prédation doivent étre raccordés les uns avec les
autres: lors de la mise en place, il est important de vérifier la continuité
du dispositif et sa rectitude tout au long du tunnel

Des vérifications réguliéres doivent étre effectuées : |a surface au sol
disponible étant réduite, il est d’autant plus important de vérifier
gu’aucun obstacle n’entrave le déplacement des animaux.

VISUEL
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FicHED: ENRICHISSEMENT DES OUVRAGES AGRICOLES

Surface au sol 2 50cm de chaque .
coté des TAP —

Coefficient d’ouverture > 1

Tubes de forme F2

Diametre de 10cm

Positionnés sur un des cotés du passage

Passages concernés : Ouvrage agricole 1 (A35), 2 (VRPV) et 3 (A35)
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POINTS CLEFS

v" TAP sur un des coté afin de ne pas géner le passage des engins agricoles.

v Fixation des TAP contre la paroi des passages agricoles pour éviter qu'ils ne soient déplacés et dégradés.

v'  Diamétre des TAP de 10 cm, la taille des ouvrages agricoles permet la mise en place du dispositif le plus

adapté au Grand hamster.

PRECONISATIONS

Utilisation de tubes en béton : le passage étant facilement accessible
et fréquenté par des machines agricoles, I'utilisation du béton est
préconisée pour permettre une meilleure résistance aux dégradations
naturelles et au vandalisme.

Mise en place de tubes pleins {non coupés) : au cas ou le sol du
passage serait trop irrégulier.

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé
aux équipes d’entretien des accotements.

Les tubes anti-prédation doivent étre raccordés les uns avec les
autres: lors de la mise en place, il est important de vérifier la
continuité du dispositif et son bon alignement aux parois du tunnel

Des vérifications réguliéres doivent étre effectuées : |'accessibilité
du dispositif par les usagers (humains) pose crucialement le probleme
de la régularité des controles. Dans ce cas, il est d’autant plus
important de vérifier qu’aucun obstacle n’entrave le déplacement des
animaux.

VISUEL
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FicHE E: CONSEILS POUR L'AMENAGEMENT DE NOUVELLES ROUTES

Choix et installation du passage a faune

v'  Buse rectangulaire 120 x 50cm type Vogel
Béton ou similaire. Sens d’acoulement des eaux de ruisselement

v' Surface de parcours naturelle, plate et large 3 AVAL
I'intérieur du passage pour faciliter le guidage et
la progression des animaux.

AMONT

Sol naturel Légere pente

v’ Installation systématique tous les 300m.

v" Installation du passage en pente pour
permettre un drainage naturel.

Figure 21: Caractéristiques principales des passages inférieurs pour la
petite faune (16)

Choix et installation du dispositif anti-prédation
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Figure 22: Profil en travers d’un hamstéroduc de type rectangulaire (passage en bleu et route en noir) (8)
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Surface au sol =2 50cm de chaque ] : g8 =
coté des TAP — A ax O as ‘ = Diametre de 10cm
Coefficient d’ouverture 2 1 é% %’)%E!I 5 ! ! 74N Positionnés au centre du
14, 120 14
: assage
148 PARSER

PRECONISATIONS GENERALES
L'entrée doit étre préservée des nuisances humaines : pas de lumiére artificielle, pas de route ou piste a proximité des entrées...

Le passage doit étre facile d’accés pour la faune et les équipes d’entretien : dégager |'entrée des obstacles éventuels qui
pourraient géner le passage des animaux + favoriser les surfaces planes ou en pente faible.

Les dimensions des passages a faune doivent tenir compte de I'effet tunnel : plus le passage est long et plus sa section doit étre
grande.

La mise en place des TAP doit se faire précisément pour étre efficaces : les tubes doivent étre assemblés les uns derriere les
autres, former une ligne droite a I'intérieur des passages et toujours étre en contact avec un sol naturel.

Pour les grands ouvrages de type ouvrage agricole ou pont, favoriser la mise en place de tubes en béton plus solides sur le long
terme que le PVC et pouvant résister aux dégradations et au vandalisme.

Former {et communiquer avec) les personnes chargées de I'entretien de ces structures : des inspections courantes (2 a 10 fois
par an) doivent étre mises en place afin d’évaluer I'état général des infrastructures, gérer |'entretien a l'intérieur et aux abords des
tunnels et rapporter les dysfonctionnements éventuels.
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APPENDIX [l — Fiches actions pour I'amélioration des passages a faune des
infrastructures de transport.

2017

Le tube anti-predation — TAP — une solution pour sécuriser la traversée des micro-mammiféres,
dont le Grand hamster, dans les passages a faune en Alsace.

Un systeme a adapter aux différents passages a faune

Conception du TAP : Mathilde L. Tissier, Jonathan Jumeau, Julie Fleitz, Yves Handrich.

Rédaction des fiches-action : Julie Fleitz, en collaboration avec Mathilde L. Tissier et Yves Handrich.

- @ ‘
‘sm UNIVERSITE DE STRASBOURG
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FicHEA : ENRICHISSEMENT DES PASSAGES INFERIEURS TYPE « GRAND »

Surface au sol > 50cm de chaque Tubes de forme F2

coté des TAP — Diamétre de 10cm

CRSAEERTd BUvETEITE= 1 Positionnés au centre du passage

Passages concernés : Passage 1 (VRPV), Passage 3 (A35), passage 6 (A35) et passage 7 (VRPV)

BUSE RECTAN GU LAIRE Passage 1,3, 6 et 7 —vue aérienne |
type Vogel Béton ou similaire ! i

S5cm

10x10 10x10 = g
LONGUEUR 1,50 m! .zotxm.; |
/ @ - | 51m-24m-25,5m—24m |
SECTION IltlT. 120 x 50
"Tg—————e e
;] X TG Passage 1, 3, 6 et 7 — vue latérale
: 74 | I
14 120 14 § 200em} i
148 : :

51m-24m—25,5m—24m

Schémas généraux avec dimensions, distances et positions du dispositif anti-prédations pour les passages rectangulaires 1, 3,6 et 7

POINTS CLEFS
v Présence d’un sol naturel au contact duguel les animaux pourront se déplacer dans le tunnel et
dans le dispositif anti-prédation

v’ Surface plate et large de chaque cété des TAP qui facilite le guidage et la progression des autres
especes notamment des amphibiens

v La dimension et la forme de ces passages a faune permettent la mise en place des tubes anti-
prédation les plus adaptés au Grand hamster

PRECONISATIONS VISUEL

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé
aux équipes d’entretien des accotements.

Le sol naturel du tunnel doit étre le plus régulier possible : vérifier
gue le sol en terre ne présente pas de fortes irrégularités ce qui
diminuerait |'efficacité des TAP.

Les tubes anti-prédation doivent étre raccordés les uns avec les
autres: lors de la mise en place, il est important de vérifier la
continuité du dispositif et sa rectitude tout au long du tunnel

Des vérifications réguliéres doivent étre effectuées : aussi bien aux
abords que dans les passages a faune afin de garantir une efficacité
maximale des tunnels et des dispositifs anti-prédation sur le long
terme.
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FicHE B : ENRICHISSEMENT DES PASSAGES INFERIEURS TYPE « MOYEN »

Surface au sol < 50cm de chaque
coté des TAP /

Coefficient d’ouverture 2 1

Tubes de forme F2
Diameétre de 8&m

Positionnés au centre du passage

Passages concernés : Passage 2 (VRPV) et passage 5 (A35)

LONGUEUR 2,40 ml 1 Passage 2 - vue aérienne
~N

w508

50,4m |

Passage 2 — vue latérale

50,4m

Schémas généraux avec dimensions, distances et positions des tuyaux en béton type Moduloval ou similaire pour le passage 2

LONGUEUR 10u2ml Passage 5 -vue aérienne 1
. | |

%Y = | ;

asen

7R =

w001

SECTION INT. 100 x 75 / ©

7

Passage 5 — vue latérale

36m

Schémas généraux avec dimensions, distances et positions des cadres en héton pour le passage 5

POINTS CLEFS

v' Présence d’un sol naturel au contact duguel les animaux pourront se déplacer dans le tunnel et dans le

dispositif anti-prédation

v'  Diameétre des TAP légérement réduit, ce qui incitera peut étre davantage d’autres micromammiféres a utiliser
le dispositif tout en laissant une surface au sol suffisante pour les autres espéces

PRECONISATIONS

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé aux
équipes d’entretien des accotements.

Le sol naturel du tunnel doit étre le plus régulier possible : vérifier que le
sol en terre ne présente pas de fortes irrégularités ce gui diminuerait
I'efficacité des tubes anti-prédation.

Les tubes anti-prédation doivent étre raccordés les uns avec les autres:
lors de la mise en place, il est important de vérifier la continuité du
dispositif et sa linéarité dans le tunnel.

Des vérifications réguliéres doivent étre effectuées : la surface au sol
disponible étant réduite, il est d’autant plus important de vérifier gu’aucun
obstacle n’entrave le déplacement des animaux.

VISUEL
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FicHe ¢ : ENRICHISSEMENT DES PASSAGES INFERIEURS TYPE « MINI »

Surface au sol < 50cm de chaque
coté des TAP

Coefficient d'ouverture <1 Positionnés sur un des cotés du passage

Tubes de forme F2

Diameétre de 8cm

Passages concernés : Passage 4 (A35) et passage 8 (VRPV)

vy

BUSE RECTANGULA'RE Passage 4 et 8 -vue aérienne |
type Vogel Béton ou similaire !
5x§ 15):5 § |
| ' i m\l

26,4m=-22,5m |

VY 77, Tl :
/ SECTION INT. 60 x40@ |
e

108

74

| Passage 4 et 8 — vue latérale
@Ml 27 = ol
7 60 7 %0

25,4m—22,5m

Schémas généraux avec dimensions, distances et positions du dispositif pour les passages 4 et 8

POINTS CLEFS

dispositif anti-prédation

le dispositif

v" TAP sur un des cbtés afin de laisser un espace suffisant aux autres espéces a I'intérieur du passage a faune

v" Présence d’un sol naturel au contact duquel les animaux pourront se déplacer dans le tunnel et dans le

v'  Diamétre des TAP légérement réduit ce qui incitera peut étre davantage d’autres micromammiféres a utiliser

PRECONISATIONS

Les TAP peuvent étre fixés aux parois du passage a faune : pour éviter
gue les tubes ne bougent au centre du tunnel et bloguent le passage des
animaux.

Mise en place de tubes non coupés (forme ronde) : au cas ou le sol du
passage serait trop irrégulier.

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé aux
équipes d’entretien des accotements.

Le sol naturel du tunnel doit étre le plus régulier possible : vérifier que
le sol en terre ne présente pas de fortes irrégularités ce qui diminuerait
I'efficacité des tubes anti-prédation.

Les tubes anti-prédation doivent étre raccordés les uns avec les
autres: lors de la mise en place, il est important de vérifier la continuité
du dispositif et sa rectitude tout au long du tunnel

Des vérifications réguliéres doivent étre effectuées : |a surface au sol
disponible étant réduite, il est d’autant plus important de vérifier
gu’aucun obstacle n’entrave le déplacement des animaux.

VISUEL
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FicHED: ENRICHISSEMENT DES OUVRAGES AGRICOLES

Surface au sol 2 50cm de chaque .
coté des TAP —

Coefficient d’ouverture > 1

Tubes de forme F2

Diametre de 10cm

Positionnés sur un des cotés du passage

Passages concernés : Ouvrage agricole 1 (A35), 2 (VRPV) et 3 (A35)
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POINTS CLEFS

v" TAP sur un des coté afin de ne pas géner le passage des engins agricoles.

v Fixation des TAP contre la paroi des passages agricoles pour éviter qu'ils ne soient déplacés et dégradés.

v'  Diamétre des TAP de 10 cm, la taille des ouvrages agricoles permet la mise en place du dispositif le plus

adapté au Grand hamster.

PRECONISATIONS

Utilisation de tubes en béton : le passage étant facilement accessible
et fréquenté par des machines agricoles, I'utilisation du béton est
préconisée pour permettre une meilleure résistance aux dégradations
naturelles et au vandalisme.

Mise en place de tubes pleins {non coupés) : au cas ou le sol du
passage serait trop irrégulier.

Le dispositif anti-prédation dépasse du tunnel : il doit étre signalé
aux équipes d’entretien des accotements.

Les tubes anti-prédation doivent étre raccordés les uns avec les
autres: lors de la mise en place, il est important de vérifier la
continuité du dispositif et son bon alignement aux parois du tunnel

Des vérifications réguliéres doivent étre effectuées : |'accessibilité
du dispositif par les usagers (humains) pose crucialement le probleme
de la régularité des controles. Dans ce cas, il est d’autant plus
important de vérifier qu’aucun obstacle n’entrave le déplacement des
animaux.

VISUEL
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FicHE E: CONSEILS POUR L'AMENAGEMENT DE NOUVELLES ROUTES

Choix et installation du passage a faune

v'  Buse rectangulaire 120 x 50cm type Vogel
Béton ou similaire. Sens d’acoulement des eaux de ruisselement

v' Surface de parcours naturelle, plate et large 3 AVAL
I'intérieur du passage pour faciliter le guidage et
la progression des animaux.

AMONT

Sol naturel Légere pente

v’ Installation systématique tous les 300m.

v" Installation du passage en pente pour
permettre un drainage naturel.

Figure 21: Caractéristiques principales des passages inférieurs pour la
petite faune (16)

Choix et installation du dispositif anti-prédation
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Figure 22: Profil en travers d’un hamstéroduc de type rectangulaire (passage en bleu et route en noir) (8)
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PRECONISATIONS GENERALES
L'entrée doit étre préservée des nuisances humaines : pas de lumiére artificielle, pas de route ou piste a proximité des entrées...

Le passage doit étre facile d’accés pour la faune et les équipes d’entretien : dégager |'entrée des obstacles éventuels qui
pourraient géner le passage des animaux + favoriser les surfaces planes ou en pente faible.

Les dimensions des passages a faune doivent tenir compte de I'effet tunnel : plus le passage est long et plus sa section doit étre
grande.

La mise en place des TAP doit se faire précisément pour étre efficaces : les tubes doivent étre assemblés les uns derriere les
autres, former une ligne droite a I'intérieur des passages et toujours étre en contact avec un sol naturel.

Pour les grands ouvrages de type ouvrage agricole ou pont, favoriser la mise en place de tubes en béton plus solides sur le long
terme que le PVC et pouvant résister aux dégradations et au vandalisme.

Former {et communiquer avec) les personnes chargées de I'entretien de ces structures : des inspections courantes (2 a 10 fois
par an) doivent étre mises en place afin d’évaluer I'état général des infrastructures, gérer |'entretien a l'intérieur et aux abords des
tunnels et rapporter les dysfonctionnements éventuels.

259



French Summary

Introduction

Le hamster commun (Cricetus cricetus), ou Grand hamster, est une espece emblématique d’Alsace,
seule zone de présence francaise. Malgré son statut légal d’espéce protégée et les actions
spécifiguement menées depuis 2000 en faveur de sa sauvegarde, sa population et son aire de
répartition ne cessent de décliner. Les expérimentations visant a sa conservation, menées ces
derniéres années dans d’autres pays européens, couplées aux travaux de recherche nationaux, ont
permis d’identifier un certain nombre de pratiques qui pourraient garantir a moyen terme le
maintien de I'espéce en France. Cette these est partie intégrante du projet ALISTER (programme
Life+ Biodiversité financé par I’'Union Européenne) qui vise a tester et a démontrer, dans plusieurs
zones d’habitat, la pertinence, au niveau régional, d’actions préalablement identifiées comme

potentiellement favorables au hamster.

Ma these s’articulait autour de deux objectifs : 1) Améliorer I’habitat du Grand hamster, sur la base
d’'un recensement exhaustif de |'existant, en expérimentant les pratiques agricoles les plus
prometteuses et leurs effets sur la biologie de I'espéce. En effet, le modele démographique de
Leirs (2002) montre que seule une augmentation de son succés reproducteur permettra de
stabiliser ses populations en Europe de I'Ouest de maniere pérenne. Or, le succes reproducteur
est conditionné par les apports alimentaires avant I’hibernation, mais aussi pendant la gestation et
la lactation des femelles et la croissance des jeunes (Franceschini-Zink & Millesi, 2008). 2)
Reconnecter les populations. Le morcellement de I'habitat du Grand hamster est lié a deux
phénomenes différents : lintensification d’une agriculture industrielle et la fragmentation
inhérentes des zones favorables a sa survie (alimentation/prédation) ; I"'urbanisation galopante et
les infrastructures associées, augmentant plus encore le cloisonnement des populations. Afin de
remédier a la forte densité d’infrastructures routieres en Alsace, certaines d’entre elles ont été

équipées de passages pour la faune sauvage, qui semblent étre utilisés a la fois par les petits
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carnivores et par le Grand hamster. La fonctionnalité de ces passages peut étre compromise s’il

existe un risque renforcé de prédation au moment de leur traversée.

L'objectif et les approches étaient donc doubles :

[) Le premier volet visait a expérimenter, en captivité ou semi-captivité (en s’affranchissant donc
des probléemes de prédation qui dépendent souvent de la qualité du couvert végétal), quelles
especes végétales sont les plus favorables au Grand hamster en termes d’apports nutritionnels :
1/ au moment de la constitution des réserves pré-hivernales, et ce afin de lui permettre une
hibernation optimale, la meilleure condition corporelle a I'émergence et un succés reproducteur
optimal ; 2/ pendant la lactation des femelles, qui est une période particulierement colteuse en
énergie ; 3/ pendant la croissance des jeunes qui requiert des apports nutritionnels spécifiques.
L'objectif étant de déterminer quelles plantes permettraient au Grand hamster d’avoir une
hibernation optimale et le meilleur succes reproducteur en fonction de la qualité des apports

alimentaires disponible en milieu naturel, tout au cours de la réalisation du cycle reproductif.

II) Le second volet de cette thése consistait a évaluer I'efficacité des dispositifs anti-prédation lors
du franchissement de passages a faune par les hamsters. La création des dispositifs a été réalisée
en milieu controlé ou la personnalité des hamsters a également été évaluée. Les dispositifs ont
ensuite été testés en milieu semi-naturel et évalués via un suivi vidéo complet. En parallele, des
hamsters ont été relachés dans un enclos afin de provoquer expérimentalement la rencontre avec
différentes especes de prédateurs (chat, renard, furet). L'utilisation des systémes anti-prédation a

ainsi pu étre corrélée a la personnalité des individus.

Résultats et discussion

|) Premier volet :

1. Une premiere étude analysant |'effet des changements environnementaux en Alsace sur la
masse des hamsters en sortie d’hibernation (proxy de leur condition corporelle et de leur future

capacité a se reproduire) a été réalisée. Basée sur un jeu de données de 1468 individus entre 1937
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et 2014, cette analyse révele que la masse des hamsters en Alsace a diminué de 21% en un siecle

(Figure 1).

400+
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Figure 1 : Evolution de la masse de hamsters sauvages a I’émergence d’hibernation (Avril-Mai) en Alsace
depuis 1937. Les lettres mettent en évidence des différences significatives entre les décennies (Two-way

ANOVA).

Cette baisse s’avere principalement causée par l'intensification de la monoculture de mais
(illustrée en Figure 2A) et I'augmentation des pluies hivernales (conséquence des changements

climatiques ; Figure 2B).
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Figure 2 : Augmentation de la surface totale allouée au mais et au blé depuis 1989 (A) ainsi que des

précipitations pluvieuses saisonnieres depuis 1937 (B).

Cette étude (‘'study 1’ de ce manuscrit) a été publiée en 2016 dans la revue Scientific reports. Elle a
été relayée dans la presse régionale et nationale (ci-dessous, un exemple dans le JDD du 5 Juin

2016).

22 I SCIENCES JDD!5 juin 2018

Le grand hamster sauvera-t-il sa peau ?

ILS SONT AWJOURDHUI MOINS D'UN MILLIER en France, re- i et |'Office nati de peut étre néfaste & la bonne conservation des aliments stockés
groupés en Alsace. Et malgré les mesures de protection, « les hchmﬂ&hhmewammtrewm-nnde dans les terriers, constate Caroline Habold. Qui plus est, le cou-
eﬁtcnfsdeymnds‘ ne cessent de W est im- I-masemonleduwdlwnﬂaumswﬁede vert végétal offert par le mais, qui pourrait protéger le grond
passé; 1.468 idus au sortir de I'h mmm«mmnmmwm
constate Caroline Habold, écophysiologiste a 'insti- 8 e 1937 et 2014, sont « passés sur lo balance ». Rbu!- sortir de I'h » Ce : moins
uwwmummm(mas/m F & tat: selon I'étude publiée dans Scientific Reports, et plus de prédateurs...
sité de On croise en &)

e mammifére a perdu sur cette période 21 % de La réhabilitation du grand hamster (son seuil de viabilité en
moyenne, moins de trois individus par hectare sa masse corporelie (un male adulte pése envi- Nm&eﬂnéaxsoolmwn‘mpasmumh
en France, en Allemagne et aux Pays-Bas, Bon 3

ron 400 g). uud-mdepddsmunl‘aw— Certes, de blé, contre i ités, ne sont
indicateur de la qualité de I'écosystéme agri- , pas récoltées afin doffrir au rongeur un couvert végétal. Mais

e monoculture de mais et a I‘ubanlsanan cette mesure d'urgence « n'est pas tenable & long terme, es-

«l des hiver- m:c-rohnemm Il faut trouver des mesures agro-environ-

naux, directement lide au ch » : le sous-semis de tréfle entre
> les rangs de mais et de bié.

- A Grand hamster commun dAlsace. S CORDIER/\CANA RicHARD SELLET ¥ @nichardbellets

pourrait aboutir 3 une extinction ? On ne sait pas
précisément. Pour y voir plus dair, une équipe de
I'Institut Curien, en collaboration avec I'Institut des

2. Une seconde étude menée en 2014 portant sur l'effet des céréales (blé et mais) sur la
reproduction du hamster a révélé que la consommation de mais, qu’elle soit associée a des
végétaux (trefle) ou des invertébrés (vers de terre), est responsable d’infanticides maternels chez
le Grand hamster (a hauteur de 95%). Afin de comprendre ce comportement, nous avons mesuré
de nombreux parametres : niveaux plasmatiques d’ocytocines, contenus en macronutriments
(lipides, protéines et glucides) et en énergie des régimes, contenus en minéraux ainsi que niveaux
de pesticides. La composition en macronutriment nous a indiqué que les régimes supplémentés
en trefle (que ce soit sur la base du blé ou du mais) étaient l[égerement appauvris en protéines et
pouvaient expliquer un mauvais succes reproducteur. Toutefois, aucun des parameétres étudiés ne
permettaient d’expliquer la différence entre les régimes blé-vers et mais-vers, tous deux trés

similaires.

Une troisieme étude menée en 2015 a permis de démontrer que ce comportement maternel était
causé par une carence en vitamine B3 dans le mais (vitamine présente sous forme non bio-

disponible dans cette plante). En effet, une supplémentation en vitamine B3 chez des femelles
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nourries au mais et vers de terre a permis de restaurer le comportement maternel des femelles et

la survie des jeunes (Figure 3).

2014 | 2015
64 I
I o B Blé-Ver
. : B Blé-Trefle
% 44 I Mais-Tréfle
e L | : 3 Mais-Ver
; e : B Mais-Ver-B3
0
E 2
5 |
1|
|
od == o

B-V B-T M-T M-v M-V  M-V-B3

Figure 3 : nombre moyen de petits par portée au sevrage en fonction du régime.

Dans la discussion de cette troisieme étude, le parallele a été fait avec I’humain, chez qui la
consommation importante de mais cuisiné de maniére inappropriée a décimé des millions de
personnes pendant 2 siecles, et avec les abeilles, donc le sens de |'orientation peut étre affecté par

de telles carences.

Ces deux études ont été regroupées (‘study 2’ de ce manuscrit) et publiées dans un méme article
dans la revue Proceedings B : Biological Sciences. Cette étude a également été relayée dans la presse

régionale, nationale et internationale, comme dans Le Monde.

3. Dans une quatrieme étude réalisée en enclos, nous avons cherché a savoir si les hamsters
pouvaient compenser la carence en vitamine B3 du mais en consommant des invertébrés ou des
plantes adventives. Cette étude, réalisée au Fort Joffre, a permis de mettre en évidence que dans
les enclos avec une seule culture (blé ou mais), le taux de reproduction était 82% inférieur a celui
des hamsters qui étaient dans des enclos contenant 4 cultures (blé+mais+tournesol+luzerne)

comme représenté dans le Tableau 1 ci-dessous.

Parametres | Culture Blé \ETH Mixte

Nombre de petits 4 1 19
Mortalité adulte 17% 17% 8%

Emigration/mort 42% (pré-reproduction) 42% (pré-reproduction) 42% (post-reproduction)
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Tableau 1 : nombre de petits par couples et mortalité/émigration (%) des adultes en fonction du type

de culture dans les enclos.

Dans cette étude, nous avons également démontré que le fait de cultiver une seule céréale, méme
de maniere biologique, diminue (de 38% et 28% respectivement) la richesse spécifique en plantes
adventives en invertébrés. Ces résultats démontrent donc I'importance d’avoir une diversité
culturale en plaine Alsacienne, pour le hamster comme pour le reste de la biodiversité végétale et

animale.

Cette étude (‘study 3’ de ce manuscrit) est actuellement en cours d’évaluation dans la revue

Oecologia.

4. En vue de proposer des mesures agronomiques concréetes bénéfiques a la conservation du
hamster, une cinquieme étude a été réalisée pour tester un supplément en graines naturellement
riches en vitamine B3 (tournesol, radis fourrager, soja) sur I'hibernation (hiver 2015-2016) et la
reproduction 2016 de hamsters nourris soit au blé soit au mais. Nous avions donc 6 associations

différentes : mais-soja, mais-tournesol et mais-radis puis blé-soja, blé-tournesol et blé-radis.

Il a été mis en évidence que les femelles ont perdu plus de masse spécifique (perte de masse
rapportée a la masse initiale de I'animal) que les males au cours de I'hibernation (51.145.9 grs et
34.1+6.0 grs respectivement) de maniére générale. Les associations apparaissant comme les moins
favorables au cours de I'hibernation sont les associations mais-soja, blé-tournesol et blé-radis
(pertes de masse spécifique d’environ 60grs, et échecs de reproduction ; voir Figure 4a et 4b). Les
régimes mais-tournesol, mais-radis et blé-soja sont les plus favorables avec des pertes de masse
spécifique de I'ordre de 20 grs et une meilleure reproduction que dans les 3 régimes précédents

(Figure 4a), le régime blé-soja assurant le meilleur succes reproducteur (Figure 4b).
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Figure 4 : a. perte de masse spécifique au cours de I’hibernation en fonction du régime et b. nombre
moyen de petits par femelle au sevrage (avec indication des taux de mise-bas et de survie des

jeunes pour chaque régime).

Cette étude suggére donc que la perte de masse au cours de I'hibernation est un élément trés
important chez cette espéce en ce qui concerne le succés reproducteur a I'émergence. Nous
pouvons aussi en déduire 3 associations favorables (par ordre décroissant) : blé-soja, mais-

tournesol et mais-radis a la fois pour I'hibernation et la reproduction de I'espéce.

Cette étude (‘study 4’ de ce manuscrit) est actuellement en cours de préparation.

Ces associations favorables sont en cours d’inclusion dans les schémas agricoles en Alsace. A titre
d’exemple, I'association blé-soja est testée par un agriculteur impliqué dans le programme LIFE+
ALISTER, en collaboration avec la Chambre d’Agriculture d’Alsace et I'Office National de la Chasse
et de la Faune Sauvage. Le but de ces tests est double : s’assurer de I'intérét agro-économique de

cette association en termes de rendements, et évaluer I'effet sur les hamsters sauvages en Alsace.

[I) Deuxiéme volet :

1. Une sixieme étude a été réalisée en conditions contrblées et a permis de développer un systéeme

anti-prédation en forme de sous-tunnel en PVC, a installer dans les passages a faune (Figure 5). Ces
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tests ont mis en évidence la forme et le diamétre les plus adaptés au passage des hamsters
(maximisant l'utilisation du dispositif) : un tube de forme arrondie (simulant les galeries du

hamster), de 10cm de diameétre, avec des ouvertures latérales tous les méetres de chaque coté.

Figure 5 : systéme anti-prédation avec ouvertures latérales développé pour sécuriser la traversée

des hamsters et autres micromammiferes dans les passages a faune.

Ce systéme anti-prédation a été « breveté » par une publication méthodologique en 2016 (‘study

57), dans la revue Ecological Engineering.

2. Trois autres études ont été réalisées (en 2014, 2015 et 2016) afin de mieux appréhender la
perception de la prédation, la réaction face a différents stimuli de prédation (odeur, présence d’un
prédateur derriere une grille) et I'utilisation du systeme anti-prédation mis en place. Ces études
révelent que le hamster a un comportement audacieux et a tendance a passer plus de temps vers
I'odeur de prédateur, a montrer des comportements agressifs voire a attaquer le prédateur

lorsque celui-ci est immobile (voir tableau 2 ci-dessous).
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Fréquence de comportements agressifs (nb/min)

Variable Condition Moy+SE Effet predateur
P 0.01+0.01
Fréquence de demi-tours (nb/min) /
P 0.63+0.08
Fréquence de redressement (nb/min) \
P 0.07+0.02
Fréquence de grattage (nb/min) /
Peone 0.30+0.03
Proportion de temps passé proche du prédateur /
(s/min)
P e 0.05+0.02
Fréquence d’ébrouement (nb/min)
Peans 54144
Proportion de temps dans le tube (s/min) /
Psans D /

L'utilisation du systeme anti-prédation par les hamsters n’a pas augmenté en présence d’un
prédateur immobile. En revanche, lorsque le prédateur pouvait se déplacer (dans une enceinte

close, et séparé du hamster par une grille), les hamsters (apres avoir montré des comportements

agressifs) ont significativement plus utilisé le systéme anti-prédation.

Cette étude (‘'study 6°) a été soumise dans la revue Animal behaviour.

3. Deux autres études ont été réalisées pour valider I'efficacité du tube anti-prédation en milieu

naturel, I'une en enclos et I'autre en milieu naturel (en collaboration avec Jonathan Jumeau). Ces

deux dernieres études sont actuellement en cours d’analyse.
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Conclusion

Les apports de cette these permettront, en collaboration avec la Chambre d’Agriculture, I'Office
National de la Chasse et de la Faune sauvage et les collectivités territoriales d’améliorer I’habitat
du hamster en diversifiant les parcelles agricoles et de diminuer la fragmentation en reconnectant

les populations sauvages de hamster.
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Abstract

The European hamster (Cricetus cricetus) is one of the most endangered mammal in Europe. In France, less
than 800 individuals are currently inhabiting farmlands of the ‘Grand-Est’ Region. However, despite the
specific actions undertaken since 2000 in favor of hamsters’ conservation, the French population is still
highly threatened. My thesis is part of the project ALISTER (Life + Biodiversity program funded by the
European Union), which aims at testing the relevance (at the regional level) of some actions previously
identified as potentially favorable to the species. Nonetheless, there is still a huge gap in understanding the
underlying mechanisms that could affect hamsters’ fitness. Specifically, this work therefore aimed at
bringing scientific knowledge regarding hamsters’ eco-physiology and behavioral ecology, in order to
improve conservation strategies of this targeted species. This has been done throughout two main
approaches:

1. Investigating for the nutritional effects of crops on the fitness of the hamster and finding which crops, of
economic interest, are the most favorable for the hamster in terms of nutritional inputs. In that aim, the
effects of several crops on the hibernation and the reproductive success of captive and semi-captive
hamsters have been investigated. The main results highlight that elevated maize consumption is severely
reducing hamsters’ reproduction because of a major deficiency in vitamin B3. This deficiency appears
extremely difficult to compensate with other food items, and only the association with sunflower allow
hamsters to have a proper hibernation and first reproduction under captive conditions. More broadly,
results highlight the negative effects of wheat and maize monoculture on the fitness of this species and
pinpoint that the implementation of crop associations such as wheat-soybean and maize-sunflower need
to be implemented in the Alsace, as a conservation measure for this species.

2. Evaluating the antipredatory behavior of the European hamster and developing an anti-predation tube
(APT) that will serve to upgrade wildlife underpasses in the Alsace and ultimately allow to reconnect wild
populations. The tests have been carried out under controlled and semi-captive conditions and the main
results reveal that hamsters display an offensive strategy (e.g. mobbing, threatening and attacking the
predator) when facing cats’ urine or a real predator (i.e. the European ferret). In these context, the efficiency
of our anti-predation device has been validated since it allowed hamster to take refuge when facing an
actual predation risk. The APT will now be implemented in wildlife underpasses in the Alsace, whereas its
effectiveness will now be evaluated via a comprehensive video monitoring under natural conditions. The
results obtained regarding the antipredatory behavior of this species bring new perspective avenues that
could be applied to the hamster conservation.

Keywords: corn, farmland wildlife, monoculture, mixed farming, fragmentation, predation, conservation
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Résumé

Le Grand hamster (Cricetus cricetus), I'un des mammiféres les plus menacés d’Europe, est en voie d’extinction
en France. Toutefois, nous manquons d’information sur les causes de son déclin et sur comment améliorer sa
conservation. Durant ma thése, je me suis intéressée a I'effet des cultures sur la reproduction du hamster. Les
principaux résultats indiquent qu’une consommation importante de mais conduit a une diminution drastique
du succés reproducteur en raison d’une carence en vitamine B3. Une autre étude démontre que des
associations de cultures (blé-soja ou mais-tournesol) sont favorables au hamster et devraient étre mises en
place en Alsace. En paralléle, j'ai développé un tube anti-prédation (TAP) pour améliorer les passages a faune
et reconnecter les populations sauvages. Des tests comportementaux ont révélé que les hamsters présentent
des comportements audacieux face au prédateur, mais utilisent tout de méme le TAP comme refuge, validant
sa fonction anti-prédation. Le TAP sera maintenant mis en place dans plusieurs passages a faune en Alsace. Les
résultats de cette thése vont maintenant bénéficier a la conservation du hamster en France et en Europe.

Mots-clé: mais, agri-faune, monoculture, polyculture, fragmentation, prédation, conservation

Résumé en anglais

The European hamster (Cricetus cricetus), one of the most endangered mammal in Europe, is on the verge of
extinction in France. However, we are still lacking information on the causes of its decline and on how to
improve its conservation. During my PhD, | therefore investigated for the nutritional effects of crops on
hamsters’ fitness. The main results highlight that elevated maize consumption is severely reducing hamsters’
reproduction because of a major deficiency in vitamin B3. Then, | found that crop associations such as wheat-
soybean and maize-sunflower are favorable to the species and should be implemented in the Alsace. | also
developed an anti-predation tube (APT) that will serve to upgrade wildlife underpasses and ultimately allow to
reconnect wild populations. Moreover, behavioral tests presented in this thesis reveal that hamsters display
bold behaviors when facing a predator. Nonetheless, they use the APT as a refuge in such cases, which
validated its anti-predatory function. Therefore, the APT will now be implemented in wildlife underpasses in
the Alsace. Results of this PhD will now benefit the conservation of the species in France and in Europe.

Keywords: corn, farmland wildlife, monoculture, mixed farming, fragmentation, predation, conservation
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