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Phenology, seasonal timings of life-history events, is a key for predicting
distribution of organisms and population dynamics under fluctuating environment
including recent climate change. One important knowledge obtained from the previous
studies is that phenology of population vary through time and space, which results in
determining population dynamics and both type and étrength of interspecific
interactions. Although causes and consequences of phenological variation at broad
geographic scale has been well studied, those at relatively small spatial scale, where
organisms forage or disperse, remain unknown. For example, when matured individuals
have to disperse across local habitats to find their mates, spatial variation in
reproductive phenology at regional scale, which consist of several local habitats resulted
in mate-finding failure (reproductive asynchrony), which may influence population
dynamics. Spatial variation of phenology would also cause unique interspecific
interactions at small spatial scale. Conéidering foraging movements of consumers
among local habitats, they can extend their foraging opportunities by tracking spatial
variation of their resource phenology at regional scale because existence or suitable
stages of the resources are temporally limited in each local habitat (phenological
tracking). These unique consequences resulting from the interaction between spatial
variation in phenology and organism movements have been overlooked in most of the
previous works conducted at more broad scale. Although recent climate change
temperature have been increasing globally, many inter-/intra-specific interaction would

cause at more fine scale and influence of global warming to organisms is scale

dependent. Furthermore, the degree and/or patterns of spatial variation might shift
across years and influence population dynamics. Therefore, understanding phenological
variation through time and space is a key to deepen my understanding of the population
dynamics and interspecific interaction under seasonal environments and to predict
consequence of recent climate change for organisms. In this thesis, I explored causes of
the annual and spatial variation in breeding phenology of Forest green tree frog,
Rhacophorus arboreus and its consequences for interspecific interactions and
population dynamics.

There are few researches quantifying small-scale phenological variation and
much less studies have explored factors determining the degree of the phenological
variation. In Chapter 2, I surveyed breeding phenology of R. arboreus in 23 sites within
Ashiu Forest Research Station at small spatial scale (< 10 km?) with five-year field
observations and clarified its potential underlying mechanism. Large spatial variation of
phenological peaks (more than two weeks) among sites was observed every year.'An
accelerated failure time model suggested that the site-specific and year-specific factors
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additively explained the spatio-temporal variation of phenology across five years.
Randomization tests and annual variation of peak phenology in each site suggested that
demographic stochasticity caused by population size might be a driving factor for the
observed spatio-temporal variation. To the best of my knowledge, this is the first study
suggesting the role of small population sizes as the driving factor for spatial variation of
phenology in small spatial scale where environment condition is usually similar. The
demographick stochasticity potentially causes ecologically meaningful spatial variation
in phenology although the degree of demographic stochasticity might depend on other
factors, such as environmental and/or genetic variations that are maintained in a certain
region. The phenological variation in the small spatial scale may be more common than
previously thought because demographic stochasticity in phenology cause
independent]y of species and habitat environment if the population consist of small
sub-populations. Moreover, such spatial variation of phenclogy might cause unique
interspecific interactions at small spatial scale such as phenological tracking.

The importance of temporal variation in phenology in determining specific
interactions within single habitats has been increasingly recognized. However, it is not
well known how spatial variation in phenology can mediate species interactions in
spatially structured habitats. In Chapter 3, I demonstrated that the spatial variation of
phenology of R. arboreus caused phenological tracking by a mobile predator of R.
- arboreus tadpole, the Japanese fire-bellied newt (Cynops pyrrhogaster) and the pattern
of phenological tracking by newts determined the survival rate of R. arboreus using a
spatially explicit semi-natural field mesocosm experiment. I hypothesized that when
prey are exposed to a mobile predator, survival of prey within a local habitat is strongly
influenced by the degree of phenological synchrony with their conspecifics inhabiting
an adjacent habitat. I showed that high degree of phenological synchrony of prey
between local habitats decreased the mean residence time of a newt in a local habitat.
As a result, survival of prey at a local habitat scale was higher in synchronous regions
compared with the asynchronous regions even if both synchronous and asynchronous
regions received same total prey inputs throughout the experimental period.
Furthermore, variation in the ratio of residence time among individual newts explained
the between-habitat variation of the tadpole survivals in synchronous region, suggesting
that movement patterns of predators can mediate variation in local population dynamics
of their prey. Although my experimental scale are much smaller than natural habitats
and it would inevitably underestimate the movement cost of predators, this is the first
study to experimentally demonstrate the importance of the relative timing (not the
absolute timing) of prey phenology between local habitats in determining a
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prey-predatér interaction in spatially structured environments. Given that predators
usually forage within broader rangé than their preys’ behavioral range, phenological
tracking at small spatial scale would be common phenomena. Since many studies have
demonstrated that interspecific interactions caused by phenological matching can
strongly determine individual fitness and population dynamics in a sihgle habitat, it is
necessarily to expect the spatial variation in phenology can further affect population
dynamics in spatially structured habitats.

The previous studies have demonstrated that spatial variation in phenology at
relatively small spatial scale would influence fitness components of organisms.
Therefore, phenological variation through time and space might determine population
k;lynamics in spatially structured habitats, but still remain unknown. In Chapter 4, I

 demonstrated that spatial and annual variation in phenology can mediate long-term

population dynamics using mathematical models. As dispersal among local populations
is important factor in spatially structured habitats, metapopulation model is suitable to
test the effects of the spatial and temporal variation in phenology on population
dynamics. Matrix projection models were constructed to calculate metapopulation
dynamics of Rhacophorus arborous with spatial and annual variation in breeding
phenology. 1 considered two metapopulation models, in which either habitat
environment or demographic stochasticity is assumed as a driving factor of spatial
variation. The environment model revealed that the spatial and temporal variations in
phenology were important in determining metapopulation stability in the broad ranges
of parameter setting. Interestingly, phenology of a given local population was influential
factors not only for its dynamics but for determining the importance of dispersal in
stabilizing the dynamics of metapopulation. The demographic stochasticity showed that
metapopulation stability depended on the balance of migrations between populations,
which was not found in the environment model. Considering that dispersal among
habitats local populations is common at small spatial scale, demographic stochasticity
might influence metapopulation dynamics in spatially structured habitats. Moreover,
these results suggest an importance to identify underlying mechanism of spatial and
temporal variation in phenology in understanding population dynamics at small spatial
scale. These models are quite specific to life history of R. arboreus. However, because
both dispersal and difference of survival rate among habitats, which is caused by spatial
variation of phenology would be common in spatially structured habitats at small spatial
scales, the results that phenological variation regulate metapopulation dynamics might
be applied to other organisms, although it needs further research.

Throughout the thesis, I emphasize the importance of considering phenological
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variation through time and space to better understand the population dynamics and

interspecific interactions at small spatial scale.
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Takahashi K, Sato T (2017) Spatial variability in prey phenology determines predator movement patterns and prey
survival. Aquatic Ecology 51:377-388.
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