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Preface

High-mountain ecosystems are an interesting field for a wide area of ecological

research, such as population ecology, community ecology, landscape ecology,

evolutionary ecology, physiological ecology, biological interactions, and global

change biology. Mountain ecosystems in mid-latitudes are characterized by clear

seasonality and dynamics of a snow-thawing regime during the summer season.

Especially in Japanese mountain systems, in Far East Asia, the mild, wet summer

and cold, snowy winter contribute to the formation of a diverse community struc-

ture on a regional scale.

An altitudinal transition from subalpine forest to alpine zone reflects a clear

gradient of thermal conditions and the length of the growth period for plants and

animals. Along the altitudinal ecotone in high mountains, species composition

changes quickly, which influences biological interactions within communities. In

the subalpine zone, not only forests but also moorland and lake systems are

important components of landscape features forming a spatial structure of commu-

nities. In the alpine zone above the timberline, various habitats exist as mosaic

patterns reflecting topographic undulation that affects snow distribution and soil

moisture on a microscale. Snowmelt time is a crucial factor determining the

distribution and phenology of alpine plants. Therefore, environmental heterogene-

ities along the altitudinal and snowmelt gradients are key structures maintaining the

biodiversity of high-mountain ecosystems. Furthermore, the existence of environ-

mental gradients and diverse habitats may accelerate the microscale evolution

among neighboring populations of the same species. This results in the formation

of genetic differentiation and diversity on a local scale.

In general, high-mountain ecosystems are strongly susceptible to climate change

because a cool climate and short growth season limit the distribution of organisms

at high altitudes. Climate warming may accelerate the migration of plants and

animals upward, while earlier snowmelt affects edaphic condition and the growth

period which may cause the distribution shift of plants along the snowmelt gradient.

Furthermore, the acceleration of snowmelt modifies the growth schedule and

phenological events of terrestrial organisms. Changes in the land–water environ-

ment also affect the species composition and life cycle of aquatic organisms in lake
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systems. Therefore, global warming is predicted to disturb the spatiotemporal

structures of high-mountain ecosystems, and it should modify the biodiversity

and community structure on various scales. To predict the global change impacts

on high-mountain ecosystems, understanding of the ecosystem structure, signifi-

cance of the environmental gradients, and the mechanisms maintaining and creating

biodiversity and life history strategies of organisms are crucial.

The aim of this book is to broaden the understanding of high-mountain ecosys-

tems, especially focusing on the structure and function of Japanese mountain

systems. So far, there has been no book that synthesizes and introduces the general

features of mountain ecosystems in Far East Asia located in the monsoonal region.

This book is composed of seven chapters. Chapter 1 analyzes the recent forest

dynamics along altitudinal gradients and predicts the distribution of subalpine

forests based on the warming scenario. Chapter 2 introduces the eco-physiological

approach analyzing the significance of functional diversity of moorland plants for

the prediction of vegetation change under climate warming. Chapter 3 synthesizes

the dynamics of the phenological structure of alpine plant communities over the

years, its ecological meaning, and the vulnerability of plant–pollinator interactions

in an alpine environment. Chapter 4 introduces the evidence of genetic differentia-

tion and adaptation of floral traits along altitudinal gradients responding to the

differences in pollinator composition. Chapter 5 explains the geographical distribu-

tion of coniferous forests along altitudinal gradients that constitute the main vege-

tation structure in the subalpine zone. Chapter 6 demonstrates the terrestrial–aquatic

linkage in terms of carbon supply to the mountain lake ecosystems. Finally,

Chapter 7 deals with the composition of bacteria communities in mountain lakes

over wide geographical regions to clarify the factors determining the aquatic micro-

bial diversity in mountain ecosystems.

Throughout these diverse topics, we expect that readers can develop a better

understanding of the structure and ecological function of Japanese high-mountain

ecosystems and their vulnerabilities to climate change. We sincerely hope that this

book is a step toward the further promotion of ecological studies of high-mountain

ecosystems.

Sapporo, Japan Gaku Kudo
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Chapter 1

Influences of Climate Change

on the Distribution and Population Dynamics

of Subalpine Coniferous Forest

in the Hakkoda Mountains, Northern Japan

Tohru Nakashizuka, Masaya Shimazaki, Takehiro Sasaki,

Takahisa Tanaka, Hiroko Kurokawa, and Kouki Hikosaka

Abstract Recent research in the Hakkoda Mountains has shown that climate

change during recent decades has caused a shift in the distribution of subalpine

coniferous forest, which is dominated by Abies mariesii. To examine this shift, we

analyzed past and present aerial photographs and found population dynamics

evidence that suggests a shift of this species’ distribution to higher elevations. A

fine-scale habitat suitability model for the species elucidated the environmental

conditions that determine its present distribution, and this model can be applied to

predict the future distribution under the predicted warming scenarios. The model

showed that not only temperature but also topography and snow deposition will

regulate the future distribution. One important suggestion is that habitats at the

periphery of moorlands will act as refugia for A. mariesii during the warming

process. The fine-scale habitat model may therefore guide the management by

providing a measure of how populations will adapt to environmental change.

Keywords Abies mariesii • Altitudinal distribution • Aerial photographs •

Distribution shift • Population change • Refugia • Snowfall
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1.1 Introduction

The ongoing climate change caused by global warming is greatly affecting terres-

trial ecosystems. Warming has shifted the distributions of many plant and animal

species poleward and upward (Parry et al. 2007). An increasing number of studies

on the upward shift of the range of plants in alpine ecotones have been conducted in

Europe and North America (e.g., Beckage et al. 2008; Lenoir et al. 2008). Climate

change is expected to decrease or even eliminate the habitats of some alpine and

subalpine plants because these plants are isolated in high-elevation patches near

mountain summits (Horikawa et al. 2009), leaving them nowhere to move, and

ecosystems at higher latitudes may be similarly vulnerable to climate change.

Many studies have predicted the effects of climate change on the distributions of

wild plants and vegetation (Araújo et al. 2005; Huntley et al. 1995; Iverson and Prasad

1998; Thuiller et al. 2005). However, most of these predictions have been based on

coarse-grained (e.g., 50-km grid) climate response surfaces or idealized scenarios that

assumed uniform warming and which therefore failed to consider spatially heteroge-

neous warming at local and landscape scales (Ashcroft et al. 2009). Trivedi

et al. (2008) also suggested that recent large-scale modeling studies may overestimate

the ability of montane plant species to adapt to global warming because the input

climate data had coarse resolution and was biased against cold, high-altitude habitats.

Studies at finer resolution in Japan have used a Japanese grid coding system with

1-km2 cells, referred to as the “Third Mesh,” that can be used to predict potential

refugia for some dominant species, such as stone pine (Horikawa et al. 2009), beech

forests (Matsui et al. 2009), and dwarf bamboo (Tsuyama et al. 2011). Each of the

Third Mesh cells measures 3000 latitude by 4500 longitude (191 km2), and their

positions were defined by the Geospatial Information Authority of Japan (Japan

Map Center 1998). However, because the variation in elevation within a 1-km cell

can be potentially large in Japan’s many complex and precipitous mountainous

areas, the temperature variation in these cells must be large. The influences of

geographical factors, such as topography, are also difficult to be incorporated in

climate models (Matsui et al. 2004). Therefore, the 1-km resolution (i.e., using one

representative value per 1-km cell) is insufficient for practical conservation man-

agement, including measures to encourage adaptation of species to climate change

at a regional or local scale. Some population parameters may also be able to be

detected in fine-scale analyses.

The Hakkoda Mountains are the peaks of volcanoes at the northern end of

Japan’s Honshu Island and retain areas of well-preserved natural vegetation that

includes ecosystems ranging from cool temperate to alpine zones. They are there-

fore suitable for investigating the impacts of climate change on ecosystems and

specifically on changes in their altitudinal distribution. In this study, we review

studies on subalpine forests in these mountains that are dominated by Abies mariesii
and summarize the present evidence about the impacts of climate change on the

forest and its future distribution under predicted climate change scenarios. Our

results show the effectiveness of fine-scale analyses using aerial photographs to

support planning of adaptation measures in response to climate change.

2 T. Nakashizuka et al.



1.2 Climate and Vegetation in the Hakkoda Mountains

The Hakkoda Mountains are located in Aomori Prefecture, near the northern end of

Honshu Island (40�390N, 140�510E). The highest point in the mountains is 1585 m

a.s.l. Natural forests remain at elevations higher than 400 m a.s.l. in the mountains.

Most of the land above 700 m a.s.l. has been designated a part of the Towada-

Hachimantai National Park where harvesting and other forms of forest management

are prohibited.

One of the original vegetation types, cool-temperate (montane) deciduous for-

ests dominated by beech (Fagus crenata), is distributed from lowland areas to an

elevation of about 1000 m a.s.l (Fig. 1.1). Few primeval cool deciduous forests

remain at elevations below 400 m a.s.l., whereas sites above 700 m a.s.l. form a

mosaic pattern created by a mixture between cool deciduous forests, secondary

deciduous forests (dominated by F. crenata), and coniferous plantations (Crypto-
meria japonica and Larix kaempferi).

Subalpine coniferous forests dominated by A. mariesii are distributed above

800 m a.s.l (Fig. 1.1). The forests between 800 and 1000 m a.s.l. form a transitional

zone between cool deciduous forests and subalpine coniferous forests. The subal-

pine coniferous forests in the Hakkoda Mountains are mostly primeval and

well preserved, though some at high elevations form a mosaic pattern with the

Tree line estimates
from warmth Index

Alpine

Subalpine
coniferous
forest

Transition

Cool-temperae
deciduous forest

Elevation
         (m)
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27.9

41.7

48.9
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Fig. 1.1 Vertical distribution of vegetation types in the Hakkoda Mountains. The warmth index

(see the text for details) is shown for the upper and lower boundaries of the vegetation types
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high-altitude vegetation described later in this section. This kind of distribution

along a temperature gradient is well explained by the warmth index (WI) that Kira

(1977) proposed for the classification of climatic vegetation zones in humid East

Asia. WI equals the annual sum of the positive differences between monthly mean

temperatures and +5 �C; the index serves as a measure of the effective warmth that

sustains plant growth during the growing season.

Several vegetation types other than cool deciduous forests and subalpine conif-

erous forests are present in the mountains. The types that grow to up to 3-m tall and

that are distributed at elevations higher than 1400 m a.s.l. are dwarf forests of

Japanese stone pine (Pinus pumila), shrubby deciduous vegetation, dwarf bamboo

grasslands, and alpine meadows. These form mosaic landscapes with each other and

with subalpine coniferous forests and form in response to local environmental

conditions such as high elevation, steep topography, and the associated climatic

conditions. Alpine meadows grow at the summits in the Hakkoda Mountains. At

around 1400 m, A. mariesii forms a relatively abrupt tree line (Fig. 1.1).

At elevations of 600–1400 m a.s.l., many patches of moorland are found in

depressions filled with volcanic ash created by a massive eruption during the

Pleistocene epoch (Muraoka and Takakura 1988; Koike et al. 2005). Abies mariesii
are distributed at the fringes of the moorland, even when this is lower than the usual

lower limit of subalpine coniferous forests (Yamanaka et al. 1988).

The Hakkoda Mountains have among the deepest accumulations of snow in the

world, reaching a depth of 3–5 m during the winter. The annual mean temperature

and annual precipitation at the Sukayu weather station, in the middle of the

mountain range (890 m a.s.l.), are 4–6 �C and 1300–2300 mm (Japan Meteorolog-

ical Agency 1996).

Abies mariesii is a subalpine conifer that is endemic to Japan and is adapted to

habitats with heavy snowfall (Kaji 1982; Sugita 1990). Although A. mariesii was
not the dominant species during the last glacial period, when snowfall was light, its

distribution expanded when snowfall began to increase during the Hypsithermal

period (Morita 1985). Since other subalpine coniferous species gradually became

locally extinct in many Japanese subalpine forests, particularly those in snowy

regions, the snowy subalpine coniferous forests now consist only of A. mariesii.
However, these forests are sparse or absent in some regions with extreme snowfall

(Shidei 1956; Sugita 1992), even when thermal conditions (e.g., WI) are suitable. In

the Hakkoda Mountains, A. mariesii only grows up to about 1400 m a.s.l (Fig. 1.2),

even though its temperature tolerance could allow it to grow at elevations up to

about 1900 m (Nogami 1994).

As many reports have suggested, temperatures have been rising in recent

decades. At the Aomori weather station (2.8 m a.s.l.), on the northern coast of

Honshu, the mean annual temperature has increased by about 0.7� 0.5 �C from

1977 to 2003 based on the mean linear trend with 95 % confidence limits

(Fig. 1.3a). Annual rainfall at Sukayu (890 m a.s.l.) has increased in recent decades,

but at Aomori, there has been no clear trend (Fig. 1.3b). The maximum snow depth

showed no clear trend at either station, although the interannual fluctuation at

4 T. Nakashizuka et al.



Sukayu has tended to increase since 2000 (Fig. 1.3c). However, since the mean

temperature has increased, the snowmelt date may have become earlier, and this

change would affect tree physiology through its effects on phenological responses.

1.3 Population Dynamics of Subalpine Coniferous Trees

in Recent Decades

We investigated differences in the population density and canopy height of

A. mariesii between 1967 and 2003 by analyzing high-resolution aerial photographs
of the Hakkoda Mountains (Shimazaki et al. 2011). We defined 712 plots, each

25� 25 m, in the photographs and analyzed which environmental variables (ele-

vation, slope aspect, wetness, and distance from the nearest moorland) accounted

for the observed changes in the distribution of this species. Since A. mariesii is
almost the only evergreen tree species in this area, it was easy to identify the species

in the photographs.

Our key finding from this analysis is that the population density of A. mariesii
has decreased significantly in the plots below 1000 m a.s.l. and has increased

significantly in the plots above 1300 m a.s.l. since 1967 (Fig. 1.4). The mean

elevation, weighted by population density, was 1190 m a.s.l. in 1967 versus

1209 m a.s.l. in 2003; this represents an increase of 0.53 m per year. Of the other

Fig. 1.2 Forest at the upper limit of Abies mariesii. The tree line is fairly sharp at about 1400 m a.

s.l.; vegetation communities dominated by shrub species, dwarf bamboo, or alpine plants are

distributed above the tree line

1 Influences of Climate Change on the Distribution and Population Dynamics. . . 5
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Aomori (2.8 m a.s.l., open circles), a coastal station north of the study area, and at Sukayu (890 m
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factors in our analysis, slope aspect did not seem to affect population density, but

the population density decreased significantly with increasing distance from moor-

land and with increasing past population density. Such upward shifts of mountain

plants have been commonly reported in Europe and North America (Beckage

et al. 2008; Lenoir et al. 2008). Although the cause of the shift in the distribution

limits is not clear, Gehrig-Fasel et al. (2007) suggested that a significant increase in

forest cover at the upper distribution limit of forests in the Swiss Alps was partly

attributable to climate change.

In the Hakkoda Mountains, the decrease in tree density below 1000 m

a.s.l. seems to be most strongly associated with climate change, although the factors

that contributed to the density increase above 1300 m a.s.l. are debated. Pollen

Fig. 1.4 Partial residual plots of the smoothed relationships between changes in the population

density of Abies mariesii in a generalized additive mixed model as a function of (a) elevation, (b)

slope aspect, (c) distance from the nearest moorland, and (d) the past population density. Dashed
lines indicate the 95 % confidence intervals (Modified after Shimazaki et al. 2011)

1 Influences of Climate Change on the Distribution and Population Dynamics. . . 7



analysis suggests that A. mariesii forests in the Hakkoda Mountains became

established about 600 years ago (Morita 1985), and the upper limit of the species’
distribution predicted based on temperature is expected to be much higher than the

current distribution limit (Nogami and Ohba 1991). At high altitudes, an increase in

temperature and a decrease in snowfall or in the duration of snow cover have

promoted the expansion of A. mariesii into areas that were previously unsuitable

for the species due to heavy snowfall (Daimaru and Taoda 2004).

The increase in the population density of A. mariesii was particularly pro-

nounced at high elevation (Fig. 1.4a) and near moorlands (Fig. 1.4c). The latter

finding suggests that the zones around the moorlands represent potential refugia for

A. mariesii (Fig. 1.5). If A. mariesii growing around the moorlands represents

remnant populations that have survived since the last glacial period, their popula-

tion density should not have increased. Since A. mariesii has a higher tolerance for
the perhumid (and probably more acidic) soil environments of the moorlands than

F. crenata, which is dominant at warmer, lower elevations (Sugita 1992),

A. mariesii may thrive better than F. crenata, which usually outcompetes

A. mariesii in low-elevation environments (Yamanaka et al. 1988). Murach and

Ulrich (1988) observed a similar relationship between European beech (Fagus
sylvatica) and Norway spruce (Picea abies): root growth of F. sylvatica was

much more sensitive to low pH than that of P. abies. These results indicate that

acidic mineral soils strongly inhibit the growth of beech trees (Marschner 1991).

Fig. 1.5 An Abies mariesii population distributed around a moorland, located at about 800 m

a.s.l. The deciduous broadleaf trees (mostly Fagus crenata) are distributed farther from the

moorland

8 T. Nakashizuka et al.



Thus, the growing conditions around moorlands would have prevented the growth

of beech trees and provided unoccupied habitats for A. mariesii.
We also found that the rate of increase in canopy height was lowest on southeast-

facing slopes and close to moorlands (Fig. 1.6a–d). The slow height growth of

A. mariesii on the southeast-facing slopes (Fig. 1.6a) may be due to the detrimental

effect of snowdrifts, which form during winter monsoons that approach from the

northwest and that deposit large amounts of snow on the opposite side of the peaks

as a result of orographic effects. Abies mariesii cannot survive the pressure created
by deep snowdrifts as they shift downhill under the influence of gravity because it

cannot adopt a creeping (prostrate) growth form (Shidei 1956). In addition, the

growing season of A. mariesii tends to be shorter in areas with deep snow deposits.

Fig. 1.6 Partial residual plots of the smoothed relationships between changes in the canopy height

of Abies mariesii in a generalized additive mixed model as a function of (a) slope aspect, (b)

shaded relief, (c) the wetness index, and (d) distance from the nearest moorland. Dashed lines
indicate the 95 % confidence intervals (Modified after Shimazaki et al. (2011))

1 Influences of Climate Change on the Distribution and Population Dynamics. . . 9



Thus, even if snowfall has decreased since 1967 at a landscape scale, snowdrifts at

local scales caused by interactions between the winter monsoon and the mountain

topography are likely to limit the height growth of A. mariesii.
Interestingly, although the population density of A. mariesii increased near

moorlands (Fig. 1.4c), the trees grew more slowly there (Fig. 1.6d). Takaoka

(1999) investigated the age structure of A. mariesii thickets in forest–meadow

ecotones in snowy mountains and found that the short canopy height of

A. mariesii did not suggest an early stage of succession, but instead suggested the

effects of adverse environmental conditions, such as heavy snow. As a result,

mature A. mariesii trees in the forest–meadow ecotones were shorter than those

in neighboring forests. We hypothesize that a similar mechanism has probably

inhibited the height growth of A. mariesii trees near moorlands, where the soil is

poorly drained and acidic. These areas do not provide A. mariesii with favorable

growing conditions. Yet, despite the unfavorable conditions, the much higher

sensitivity of F. crenata to such conditions probably allowed the moorlands to

offer potential refugia for A. mariesii populations.
Thus, the populations around the moorlands do not seem to be remnants, but rather

increasing populations, which suggest that the areas surrounding the moorlands are

potential refugia for A. mariesii. However, A. mariesii grew more slowly in these

areas. On this basis, we suggest that it is not necessary for potential refugia to provide

better growing conditions for a species so long as they promote its survival.

1.4 Predicted Distribution Shift of the Subalpine Forest

We constructed a habitat model for A. mariesii in the Hakkoda Mountains at a 50-m

spatial scale using a decision-tree model with one climate variable (WI), two

topographic variables (slope and slope aspect), and two variables (distance and

presence/absence) related to moorlands (Shimazaki et al. 2012; Figs. 1.7 and 1.8).

In our model (Fig. 1.7), the most important explanatory variable that determined the

distribution of A. mariesii was WI. The first divergence at WI¼ 46.5 �C was the

dominant factor that defined the boundary between the distributions of A. mariesii
and F. crenata, and this value was in close agreement with the value (WI¼ 47)

estimated by Nogami and Ohba (1991) for this boundary at the scale of Honshu

Island.

The second most important explanatory variable was the slope angle. The

downhill creep of snow under gravity, which occurs on open slopes steeper than

15� (Leitinger et al. 2008), creates high pressure on tree stems and thus limits the

distribution of A. mariesii. The third-most-important explanatory variable was the

slope aspect. The distribution probability was lower on east-facing slopes,

suggesting the detrimental effect of snowdrifts, which form under the influence of

winter monsoons that approach from the northwest. Abies mariesii cannot survive
the high pressures created by snowdrifts (Shidei 1956). In addition, the growing

season for A. mariesii is shorter in areas with deep snow.

10 T. Nakashizuka et al.



Previously, Yamanaka et al. (1988) suggested that A. mariesii might have

extended its distribution toward lower elevations if there were no competitors. In

fact, A. mariesii has a higher tolerance for the moist and acidic soil environments

around moorlands than beech (Sugita 1992), which would enable it to thrive around

moorlands even at WI values higher than 46.5. Shimazaki et al. (2012) applied this

classification tree model to several scenarios: warming scenarios (up to +4 �C above

present temperatures) and independently for scenarios in which the distribution of

moorland decreased or remained stable in response to predicted climate change.

The scenario with decreasing moorland was based on a habitat model of moorland

as well as on the distribution of A. mariesii. Although the suitable areas were

notable in the +2 �C scenario, all suitable habitats disappeared in the +4 �C
scenario. The distribution of A. mariesiiwill also decrease with a lower temperature

increase if the moorland areas simultaneously decrease (Fig. 1.9). Based on the

results of this modeling, we conclude that it will be effective to conserve the

Fig. 1.7 The classification tree model for Abies mariesii at a 50-m spatial resolution. The

conditions, occurrence probabilities, and number of cells (n) are shown at each node. If the

condition is met, the left branch is followed; otherwise, the right branch is followed. The length

of the vertical lines below each true–false split corresponds to the change in the magnitude of the

deviance between the parent node (above) and the child node (below). The warmth index (WI),
slope, slope aspect, distance from the nearest moorland, and moorland presence/absence (P/A)
data were used as explanatory variables; other environmental variables were not included in this

model (Modified after Shimazaki et al. (2012))
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A. mariesii populations growing around the moorlands that are most likely to persist

after global warming, as well as to conserve the moorlands themselves.

1.5 Conclusions

It is clear that the climate change that has occurred since 1967 has already affected

the A. mariesii populations of subalpine forests in the Hakkoda Mountains. Since

1967, the distribution of A. mariesii has shifted about 20 m toward higher eleva-

tions. Our high-resolution model revealed the most important factors that are

determining the distribution of A. mariesii and that can be used to predict its future

distribution. Analyses of population and community changes suggested the impor-

tance of temperature, mesoscale topography, and fine-scale local environmental

gradients associated with snow deposition. Our results also suggest that the

Fig. 1.8 Horizontal and vertical distributions of cells where Abies mariesii was present (a, dotted
polygons; b, black dots) or absent (a, outside of the black dotted polygons; b, gray dots) based on

aerial photographs. The background shading represents the topography of the study area; darker
shades indicate higher elevations. Crosshatched areas depict farms or tree plantations (Modified

after Shimazaki et al. (2012))
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peripheries of moorlands provide effective potential refugia for A. mariesii in the

Hakkoda Mountains.

Many assessments of the impacts of climate change on vegetation and animals

have been made at coarse spatial scales. However, the present results show the

importance of accounting for the influence of factors that operate at finer scales and

that the assessment and application of adaptation measures will require high-

resolution models that incorporate non-climatic variables such as topography and

the heterogeneity of landscape units in addition to climatic variables. Although

most subalpine areas of Japan have been protected by the government as nature

conservation areas, some of these ecosystems will be very sensitive to climate

warming (Nogami 1994; Tanaka et al. 2009), and one of the most important

adaptation measures for these ecosystems will be the identification of likely pop-

ulation refugia. The present results and other findings from recent studies need to be

applied to guide future conservation efforts that account for these and other

adaptation measures.
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Chapter 2

Trait-Based Approaches for Understanding

Species Niche, Coexistence, and Functional

Diversity in Subalpine Moorlands

Kouki Hikosaka, Takehiro Sasaki, Chiho Kamiyama,

Masatoshi Katabuchi, Shimpei Oikawa, Masaya Shimazaki,

Hiroshi Kimura, and Tohru Nakashizuka

Abstract Moorland is an interesting vegetation because (1) it has high diversity

with various coexisting species of different functional groups; (2) the coexistence

of species is conserved for long time without large disturbances; (3) it is isolated

from other moorlands by forest areas, where dispersal of species is expected to be

influenced by spatial distribution and size of moorlands; and (4) the environmental

factors vary among moorlands, which enable us to determine how these environ-

mental factors affect species composition. We analyzed species diversity of plant

communities in subalpine moorlands as well as underlying mechanisms using trait-

based approaches to reveal that landscape-level species diversity is mainly a

function of between-moorland level species diversity. Species composition and
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community-level functional traits were influenced by environmental factors such as

temperature and soil water characteristics. We analyzed light acquisition efficiency

of species belonging to different functional groups and found a seasonal niche

separation for light use between functional groups, facilitating species coexistence.

Furthermore, we found that species diversity in moorland plant communities con-

forms to a spatially nested structure. By assuming that the nested rank of species is the

potential order of species loss, our simulation analysis demonstrated that vulnerability

is considerably different among moorlands, which implies that functional diversity

can be a useful measure for the planning of conservation strategies.

Keywords Functional groups • Functional traits • Leaf traits • Moorland •

Resource acquisition efficiency • Species coexistence

2.1 Introduction

More than 200,000 vascular plant species coexist on Earth. This fact appears to

contradict the principle of competitive exclusion. If all other ecological factors are

constant, this principle dictates that two species competing for the same resources

cannot coexist (Gause 1934; Hardin 1960), because most of plant species require

common resources for growth and reproduction, as has been indicated for phytoplank-

ton (Hutchinson 1961). There is no single ubiquitously dominant species, and the

distributions of all species have limits. Furthermore, many plant species often coexist

within the same habitat. The question of why a particular plant species can or cannot

coexist with other species is one of the most fundamental questions in plant ecology.

An approach based on traits of plant species may be one of the most useful

methods to solve this question. Many researchers have recently characterized species

by values of functional traits and attempted to understand community assembly. This

approach may successfully incorporate ecophysiological knowledge into community

ecology. In the present paper, we discuss how the trait-based approach has been

developed and then introduce our recent studies on plant communities in subalpine

moorlands. We have studied species composition and functional traits in moorlands,

which were found to be modified by environmental variables. Analyses on resource

acquisition efficiency revealed that functional traits contribute to niche separation

within and between plant communities. We also studied functional diversity as a

function of species extinction, which may be useful as a tool for conservation.

2.2 Functional Classification and Trait-Based Approach

One of the most accepted explanations for the coexistence of various species is the

niche separation. The morphological and physiological traits vary among species

considerably. Such functional differentiations result in niche separation among

18 K. Hikosaka et al.



species, leading to a limitation in the distribution of a species. The first functional

classification of plant species was conducted by Raunkiær (1904, 1937), who

classified plants according to the position of the growth point (i.e., bud) of plant

during seasons with adverse conditions. His classification was modified to life form,

which is currently one of the most important functional classifications of plants. In

general, species are broadly classified into woody, herbaceous, and other plants.

Woody species are further categorized into trees and shrubs according to their

maximal height. Herbaceous species are divided into forbs and grasses according to

the shape of their leaves. The concept of functional type or functional group

(hereafter FG) has been recently developed (McIntyre et al. 1999). FG considers

not only life form but also other physiological and phenological traits, for example,

photosynthetic systems (C3/C4/CAM), nitrogen fixation, and leaf habits (evergreen

or deciduous).

Although attempts at plant classification have considered FG and other concepts

in a qualitative or discrete manner, many researchers have tried to characterize

plants in a quantitative manner. In community ecology, organisms have been

characterized by intrinsic rates of population growth (r) and carrying capacity

(K ), assuming that population dynamics follow logistic function (MacArthur and

Wilson 1967). This idea may be applicable to successional change in species

composition; in other words, early successional species may be associated with a

higher r value, whereas late successional species may have a higher K value.

However, r and K values have not necessarily been used to characterize plant

species.

Grime (1977) proposed that plant strategy is a blend of three strategies labeled as

C (competitive), S (stress tolerant), and R (ruderal). Competitors are species that are

dominant in a habitat characterized by a low intensity of stress and disturbance.

Stress tolerators are species that can survive in habitat characterized by a high

intensity of stress and less frequent disturbance. Ruderals are species that rapidly

occupy disturbed areas. Grime (1977) innovated a method to classify species in a

quantitative manner, where species were plotted in a triangle and the measures for

the three strategies were quantitatively expressed on each side of the triangle.

Grime et al. (1990) characterized many plant species in the United Kingdom

based on this concept. However, his method requires intensive experimental pro-

cedures such as a growth experiments and was not easy for application to a number

of species.

Advances in the field ecophysiology have enabled us to accumulate data of

various traits of plants growing in the field. Reich and his coworkers determined

leaf traits for a number of species in various biomes and demonstrated that there are

tight correlations among leaf traits across species (Reich et al. 1991, 1992, 1997).

Furthermore, these traits were also correlated with functional variables at the whole

plant and ecosystem scales, such as plant growth rates and annual net primary

production (Reich et al. 1992). Wright et al. (2004) compiled a data set from more

than 2000 species (1 % of vascular plant species) and demonstrated that such

correlation is conserved at a global scale. Thus, variation in leaf traits can roughly

be expressed on an axis (leaf trait economics); on the one end of the axis, there are
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species with higher photosynthetic capacity per unit leaf mass and higher leaf

nitrogen concentration, stomatal conductance and respiration rate, lower leaf

mass per area (LMA), and shorter leaf life span (LLS), and the opposite on the

other end of the axis. This axis is correlated with FGs; for example, herbaceous

species tend to have higher photosynthetic rates than woody species and ruderals

tend to have higher photosynthetic rates but shorter LLS than competitors and stress

tolerators.

Similar concepts are applicable to other plant tissues (Westoby 1998; Westoby

and Wright 2006). For stems, maximum height and stem density may express

competitiveness and stress tolerance, respectively. For seeds, seed size may express

a trade-off between dispersal ability and establishment (larger seeds may store more

resources for survival after germination but are less dispersed because of weight).

Since these variables are easily measured, we can obtain values from a number of

species. Several data sets have been presented (e.g., Kattage et al. 2011).

Ackerly and Cornwell applied a trait-based approach to community ecology

(Ackerly and Cornwell 2007; Cornwell and Ackerly 2009). They characterized

species by trait values and expressed plant communities as a collection of species

with particular trait values. They plotted species trait values against environmental

variables of the community, which successfully and quantitatively express how trait

values are related to variations in species niches. This idea enables us to discuss

community assembly based on trait values of species.

2.3 Characteristics of Moorland Plant Communities

Moorland is a type of wetland in the broad classification of the Ramsar Convention.

Moorland generally occurs in cool climate in which peat is accumulated with low

pH (Proctor and Maltby 1998; Tsuyuzaki et al. 2004) because of a low decompo-

sition rate caused by anaerobic and cool temperature conditions (Brady and Weil

1998). Peat accumulation in moorlands contributes sustainably to global carbon

sinks (Matthews and Fung 1987; Aselmann and Crutzen 1989), but these sinks are

vulnerable to environmental change, especially to global warming (Gorham 1991;

Chapin et al. 2000).

Ecosystems associated with moorland are very interesting field for ecological

research from several viewpoints. First, moorlands are associated with high species

diversity. In general, moorland ecosystems contain unique communities, often with

a large number of endemic and threatened species (Wahren et al. 1999; Lienert

et al. 2002; Galeuchet et al. 2005; Hajkova et al. 2006). Moorlands generally

possess different vegetation types, bog and fen, depending on the hydrology, pH,

and trophic state even within one site (Schimper 1903; Wheeler and Proctor 2000).

Bog is characterized by oligotrophic conditions and dominance of acidophilic

mosses, particularly Sphagnum species, while fen is characterized by mesotrophic

conditions and dominance of grasses and/or sedges (Mitsch and Gosselink 2007).

Species composition also varies between sites (Mochida et al. 1997). Many species
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belonging to different functional groups coexist, such as evergreen/deciduous,

woody/herbaceous, and grass/forb species.

Second, species composition has been remained over a long period without large

disturbances. Pollen analyses have suggested that similar species composition has

been maintained for a thousand year in some moorlands (Yonebayashi 1996, 2001).

This suggests that species interaction may be in a steady state, in contrast to forest

communities, where disturbance plays an important role for species composition in

the communities. Therefore, the moorland plant community presents a good oppor-

tunity to investigate mechanisms of species coexistence.

Third, moorlands are often isolated by forested areas and are therefore compa-

rable to islands isolated by the ocean. Many moorland species cannot inhabit forest,

and therefore, dispersion of such species between moorlands is strongly limited. We

can expect that spatial distribution and size of moorlands strongly influence species

composition in the moorlands, similar to islands (MacArthur and Wilson 1967).

Finally, moorlands in mountainous ranges are located within various elevations,

where environmental factors such as nutrient availability and pH vary among

moorlands. These variations enable us to study relationships between vegetation

and environmental factors. In particular, elevation is one of the most powerful

“natural experiments” for testing ecological and evolutionary responses of biota to

geophysical influences, such as low temperature (K€orner 2007).

2.4 Case Studies of Moorland in the Hakkoda Mountain

Range

2.4.1 Study Site

The Hakkoda mountain range (the highest point is 1584 m above sea level at

40�390N, 140�520E) locates in Aomori Prefecture, northern Japan (Fig. 2.1).

There are many moorlands in this area, most of which were created in depressions

in the volcanic ash layer that settled on the ground subsequent to a huge eruption

during the Pleistocene and parts of which were created in snowy patches along

gentle slopes (Muraoka and Takakura 1988; Koike et al. 2005). Moorlands in this

region are located at various elevations ranging from 600 to 1300 m, which provide

a variation of air temperature of more than 3 �C. This altitudinal variation corre-

sponds to an increase in global temperature until the end of this century predicted

by the Intergovernmental Panel on Climate Change (2013). Thus, we can use this

temperature gradient as a natural experiment of plant responses to global warming.
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2.4.2 Plant Species Diversity in Moorlands

In the Hakkoda area, several studies have described species composition of indi-

vidual moorlands (e.g., Mochida et al. 1997). However, there is no comprehensive

study of species diversity at a landscape level. We selected 28 moorlands in the

Hakkoda area. Five quadrates (1� 1 m) in each of six transects per moorland (total

30 quadrats per moorland) were established, and coverage of species was recorded

in each quadrat. The studied moorlands differed markedly in size (range

1,000–160,000 m2) and were isolated from each other to varying extents within

an inhospitable matrix (i.e., forests). We used an additive diversity partitioning

framework and quantified diversity patterns of moorland plant communities across

hierarchical spatial scales, within-sample transects (α diversity) and between-

sample transects (β1 diversity), and between sites (β2 diversity) and evaluated the

contribution of each diversity measure to landscape-level diversity (γ diversity). In
total, 98 vascular plant species were identified in the studied moorlands (γ diver-

sity). Figure 2.2 shows the contribution of α, β1 and β2 diversity to the γ diversity.
Contribution of β2 diversity was greater than that of α and β1 diversity, indicating
that the landscape-level species diversity in this area was mainly explained by the

between-moorland diversity (Sasaki et al. 2012a).

We studied relationships between species composition and environmental fac-

tors (Sasaki et al. 2013). From the cluster analysis, we identified six plant commu-

nity types. Indicator species analysis identified characteristic species for each

community type: (1) Sieversia pentapetala and Rhynchospora yasudana, (2) Prim-
ula nipponica and Juncus kamschatcensis, (3) Schizocodon soldanelloides and

Narthecium asiaticum, (4) Gaultheria adenothrix and Nephrophyllidium crista-

Fig. 2.1 Map showing the distribution of moorlands (n¼ 358) in the Hakkoda mountain range, in

Aomori Prefecture, northern Japan. Contour lines represent 100-m increments in altitude (Mod-

ified from Sasaki et al. (2013))
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galli, (5) Moliniopsis japonica and Coptis trifolia, and (6) Vaccinium oxycoccos
and Eriophorum vaginatum. The differences in species composition among these

community types were mainly related to the variations in soil solution pH and

electrical conductivity (EC) and in elevation and temperature (Fig. 2.3), indicating

that species composition varies depending on environmental factors.

2.4.3 Community Ecology of Functional Traits: Variations
in Functional Traits Within and Among Moorland
Plant Communities

Ackerly and Cornwell (2007) studied functional traits of species in plant commu-

nities along a precipitation gradient and analyzed relationships between traits and

environmental factors. They applied a concept of habitat filtering to their analysis,

which assumes that only species that have a trait value within a certain range can

survive in the environment and that the successful range differs depending on

environmental factors (Cornwell and Ackerly 2009). We applied this concept to

our moorland sites (Kamiyama et al. 2014a).

We determined three leaf traits, namely, maximum leaf height, leaf mass per

area (LMA), and leaf size, for 72 out of 98 species found in 27 moorlands.

Maximum leaf height represents the ability of species to capture light in the

community (Westoby 1998). LMA represents an investment of leaf resources in

stress tolerance and is strongly correlated with photosynthetic traits such as photo-

synthetic capacity and leaf nitrogen concentration (Westoby 1998; Hikosaka 2004;

Hikosaka and Shigeno 2009). Leaf size as related to boundary layer resistance helps

to maintain favorable leaf temperatures and is subject to allometric constraints of

plant size, shoot size, leaf morphology, or size of reproductive organs (Milla and

Reich 2011). In this study, we also classified species into four FGs according to

presence of wintering leaves (evergreen or deciduous) and wintering stems (woody

or herbaceous). Values of functional traits may classify species quantitatively,

whereas FG classifies species qualitatively or discretely. We characterized the

Fig. 2.2 Additive

partitioning of diversity

(expressed as species

richness) across hierarchical

spatial scales (Drawn based

on data shown in Sasaki

et al. (2012a))
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Fig. 2.3 Diagrams of canonical correspondence analysis ordination: (a) species composition of

each community type and (b) environmental vectors (including the total cover of Sphagnum spp.).

Eigenvalues for the first and second axis were 0.50 and 0.23, respectively. The abbreviations for

community types are Sipe-Rhya Sieversia pentapetala and Rhynchospora yasudana, Scso-Naas
Schizocodon soldanelloides and Narthecium asiaticum, Moja-Cotr Moliniopsis japonica and

Coptis trifolia, Vaox-Erva Vaccinium oxycoccos and Eriophorum vaginatum, Cath-Phau Carex
thunbergii and Phragmites australis, and Hosi-Liho Hosta sieboldii and Ligularia hodgsonii
(Redrawn from Sasaki et al. (2013))
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environments of moorlands using principle component analysis (PCA) with four

environmental variables: elevation, air temperature, soil pH, and EC of soil water.

The first axis mainly represented altitude and air temperature, and the second axis

represented pH and EC. Here we describe analysis on axis 1.

In Fig. 2.4, the X and Y axes represent the score of the first axis of PCA (higher

values represent lower altitude and higher air temperature) and trait values,

Fig. 2.4 The relationship between PCA 1 score and maximum leaf height (a–d), LMA (e–h) and

leaf size (i–l). Panels (a), (e), and (i) show intraspecific variation in leaf traits in each species,

where each line represents the least-squares fit across the PCA 1 score. Panels (b), (f), and (j) show

interspecific variation in species-mean leaf traits with species-mean PCA 1, and each line shows
the least-squares regression for the species-mean trait. Panels (c), (g), and (k) show within-

functional group (FG) and among-FG variation in leaf traits, where each line represents the

least-squares fit across the mean PCA 1 score of the species belonging to a certain FG and symbols

represent FG-mean PCA 1 and FG-mean traits, respectively. Panels (d), (h), and (l) show site-

mean trait value across PCA 1, and each line shows the least-squares regression. The significance
of regression lines was tested with a t-test (+P< 0.1, *P< 0.05, **P< 0.01, ***P< 0.001). Colors

of lines and symbols denote FGs: orange, deciduous herbs; green, deciduous shrubs; blue,
evergreen herbs; black, evergreen shrubs. Red lines in panels (a), (e), and (i) denote the dominant

species with the widest range of PCA 1, Moliniopsis japonica (deciduous graminoid) (Redrawn

from Kamiyama et al. (2014a))
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respectively. In Fig. 2.4a, e, and i, each curvilinear line denotes a linear regression

for a single species that appeared in more than four moorlands. The slope of the

curve signifies intraspecific variation along the environmental gradient. Many

species exhibited significant environmental dependence in leaf trait values. In

Fig. 2.4b, f, and j, each data point denotes a single species, where the mean value

of the leaf traits of the species is plotted against the mean value of the PCA score

that the species achieved. Species inhabiting higher altitudes tended to have higher

LMA and smaller leaf size. In Fig. 2.4d, h, and l, each data point denotes single

moorland and demonstrates the relationship between the mean trait value of a

species in the community and the PCA score. The mean leaf height and leaf size

decreased with increasing elevation. In Fig. 2.4c, g, and k, each data point and the

curvilinear line denote mean values and regression line of each FG. The mean value

of the PCA score did not vary among FGs, whereas there was environmental

dependence in leaf traits within FGs.

Changes in trait values along an environmental gradient may involve intraspe-

cific variation (phenotypic plasticity and/or between-population variations) and

interspecific variation (replacement by species that have different trait values),

both of which result in changes in the community traits related to ecosystem

functions along an environmental gradient (Ackerly 2003; Ackerly and Cornwell

2007; Cornwell and Ackerly 2009). We were also interested in how much FG-level

replacement and interspecific variation within FGs (within-FG variation) contribute

to the change in community-level traits along environmental gradients. To quantify

the relative contribution of intraspecific variation, species replacement, within-FG

variation, and FG replacement to the community variation, we calculated hypo-

thetical scaling slopes of the community variation, where no variation in trait values

within species or within FGs was assumed. Contribution of within-species or

within-FG variations was calculated as the difference between the actual and the

hypothetical slopes. Figure 2.5 shows the relative contributions of intraspecific

variation, species replacement, and FG replacement to the community-level slope

of the relationship between leaf trait values and the PCA scores. Their contributions

varied depending on the case. For maximum leaf height versus PCA 1, species

replacement within FGs explained 65.3 % of the variation in the community-level

slope and intraspecific variation explained most of the remainder; FG replacement

contributed little to the community-level slope. Species replacement within FGs

was in addition most responsible for leaf size versus PCA 1, whereas intraspecific

variation accounted for most of LMA versus PCA 1. This trend was similar to the

trait gradient along PCA 2, which mainly reflected from soil pH and EC. The

contribution of FG replacement was greater along PCA 2 than PCA 1. In particular,

for leaf size versus PCA 2, FG replacement made a greater contribution than that of

intraspecific variation. These results suggest that all of the within-species variation,

within-FG variation, and FG replacement contribute to the environmental depen-

dence of trait values at the community level. However, their relative contribution

varies depending on traits and environmental factors.
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2.4.4 The Ecophysiological Approach: How Do Functional
Traits Contribute to the Coexistence and Replacement
of Species?

Approaches from community ecology are able to reveal the empirical relationships

between species distribution, trait values, and environmental factors, but are unable

to clarify the underlying mechanisms. To determine how functional traits contribute

to the coexistence in a plant community and to the niche separation, ecophysiolog-

ical approaches are necessary.

In the field, species interaction is an important factor for survivorship and growth

of individual species. For example, we can grow alpine plants at low elevation if the

plants are separately grown in pots. However, if we transplant alpine plants to a

plant community at low elevation, they would likely be eliminated from the

community probably due to competitive exclusion. Because resources needed for

plant growth and reproduction are limited in many ecosystems, plants that cannot

acquire sufficient resources may be eliminated from the community. However, it

should be noted that the absolute amount of acquired resources does not necessarily

determine the existence of species within a community. For example, light acquired

Fig. 2.5 The scaling slopes of each site-mean trait versus environment relationship attributed to

intraspecific variation, species replacement, and functional group (FG) replacement, which are

expressed as percentages of the increment from slopes with no species and FG variation consid-

ered (Redrawn from Kamiyama et al. (2014a))
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by understory shrubs is generally much less than that by tall trees, but they can

survive and reproduce in the understory because they require much lower light

intensity for growth than canopy trees. Plants can survive in a specific environment

if the benefit of acquired resource is greater than the cost invested to acquire the

resource. Resource acquisition efficiency, the ratio of acquired resource to the

invested cost, is a useful measure to evaluate the cost–benefit balance.

Light acquisition efficiency (Φmass), which is the absorbed photon flux per unit

aboveground mass, may be a good indicator of the species strategy for light

acquisition, because it represents the ratio of benefit (light) to cost if the above-

ground part of the plant is regarded as a light-harvesting structure (Hirose and

Werger 1995). In monospecific stands, subordinate individuals have been shown to

have a lower Φmass than dominant individuals (Anten and Hirose 1998; Hikosaka

et al. 1999, 2003; Matsumoto et al. 2008), while Hirose and Werger (1995) reported

that there was no significant difference in Φmass between dominant and subordinate

species in a tall grassland where the species had coexisted for a long time. Werger

et al. (2002) studied stands of a successional series after exclosure in heavily grazed

grassland and found that the Φmass of early successional species was relatively

lower than that of late successional species in the late successional stand, probably

leading to species replacement. It is suggested that a similarΦmass may contribute to

the coexistence of species in the community (Hirose and Werger 1995; Werger

et al. 2002).

Light acquisition efficiency is affected by morphological traits of plants; there-

fore, Φmass can be decomposed as follows:

Φmass ¼ Φarea � LAR

Acquired light

Aboveground mass

Acquired light

Leaf area

Leaf area

Aboveground mass

¼ Φarea � SLA � LMR

Acquired light

Leaf area

Leaf area

Leaf mass

Leaf mass

Aboveground mass

Φarea (acquired light per leaf area) is the light intensity that the species absorbs,

which is generally greater in taller plants in dense stands (Hirose andWerger 1995).

SLA (specific leaf area) is the inverse of LMA. LMR (leaf mass ratio) quantifies the

biomass allocation to leaves. In a heath stand, taller dominant plants had higher

Φarea, whereas shorter, subordinate plants had higher SLA and LMR, leading to a

comparable Φmass values among the coexisting species (Hirose and Werger 1995).

LMA and LMR vary among species, especially among FGs (Hirose and Werger

1995; Poorter et al. 2000; Valladares et al. 2002; Pearcy et al. 2005).

In spite of many studies analyzing Φmass, no study has determined Φmass in plant

communities consisting of coexisting species with different FGs coexisted. As

mentioned above, because multiple plant species of varying FGs coexist in the

moorland communities, the moorland ecosystem is an ideal case study for
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investigating Φmass. We studied Φmass in moorlands at different elevations

(Kamiyama et al. 2010) in which four or five quadrats were established in each of

moorlands at 600, 1000, and 1300 m, and the stratified clipping method was applied

during August when the stand biomass was at a maximum. The spatial distribution

of leaf area and biomass were determined, and intercepted light was estimated. We

found that evergreen species had lower Φmass due to higher LMA and lower leaf

height (Fig. 2.6). Woody species had comparable Φmass to herbaceous species; they

had higher Φarea and leaf height, which offset the lower biomass allocation to

leaves. These results revealed that Φmass was significantly different among FGs.

Although evergreen plants have relatively low Φmass, their longer leaf life span

may be advantageous if we consider light acquisition efficiency at a leaf lifetime

level. Furthermore, evergreen leaves may use light in a season when there are no

deciduous leaves (Karlsson 1985). We studied temporal changes in spatial distri-

bution of leaf area and light acquisition for species coexisting in the moorland

communities (Kamiyama et al. 2014b). The results demonstrated that evergreen

species received strong light during spring when leaves of deciduous plants were

not developed. In addition, there was a trend that shorter species develop their

leaves at earlier season in deciduous species. Thus, there was a seasonal partitioning

of light between deciduous and evergreen species and between taller and shorter

species. Figure 2.7 shows variables related to lifetime light acquisition plotted

against maximum leaf height. SLA was greater in deciduous than in evergreen

species and taller than in shorter species. Instantaneous light acquisition efficiency

(ΦDleafmass; daily light acquisition per unit leaf mass) during August was greater in

deciduous than in evergreen species, whereas leaf life span was longer in evergreen

than in deciduous species. Consequently, light acquisition efficiency at a leaf

lifetime scale (ΦLleafmass; lifetime light acquisition per unit leaf mass) was compa-

rable between deciduous and evergreen species and between taller and shorter

species. Our results clearly demonstrated that there is a phenological trade-off in

light absorption between shorter and taller species and between evergreen and

deciduous species. The former mainly utilize light during early spring, whereas

the latter utilize light mainly during the summer.

At high elevation (1300 m), the leaf area development of dominant deciduous

species was small, probably due to suppression by cool temperature or shorter

growing season, and understory plants receive relatively strong light during August.

This led to higherΦLleafmass in evergreen than in deciduous species at high elevation

(Fig. 2.8). This result suggests that shorter growing season may be advantageous for

evergreen species that have photosynthesizing leaves throughout the season and

may explain the reason why the number and the biomass of evergreen species were

greater at higher elevation. Evergreen leaf habit is thus relatively advantageous in

terms of lifetime light acquisition efficiency at higher elevations. Phenological light

partitioning between evergreen and deciduous plants partly explains the reason not

only for coexistence between species with different functional traits but also for

species replacement across environmental gradients.

If the changes in community structure along decreasing elevation can be

assumed to be comparable to changes in community structure toward future global
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Fig. 2.6 Comparison of Φmass (photon flux density absorbed per unit aboveground mass of

vegetative part, a), Φarea (photon flux absorbed per unit leaf area, b), LAR (leaf area ratio, c),

LMR (ratio of leaf biomass to the aboveground biomass, d), SLA (leaf area per unit leaf biomass,

e), and mean leaf height (f) of each functional group at different elevations. Open columns
represent deciduous herbs, diagonally lined columns represent deciduous shrubs, gray columns
represent evergreen herbs, solid black columns represent evergreen shrubs at different elevations.

The four leftmost columns denote low elevation, the four rightmost columns denote high eleva-

tion, and the middle four columns denote middle elevation. The horizontal lines of the column

denote the 25th, 50th, and 75th percentile values, respectively, while the whiskers represent the

range of values (Modified from Kamiyama et al. (2010))
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warming, we will present some predictions about the future moorland ecosystem.

Under global warming, moorland vegetation will be taller and denser, and leaf size

will become larger, resulting in higher LAI. Such changes in community traits will

be mainly accompanied by intraspecific variation of dominant species, which are

often graminoids with deciduous leaves. Therefore, a few dominant species will

continue to be abundant because of their wide distribution range along environ-

mental gradients in moorlands. On the other hand, presence of other species within

the plant community will be influenced. Species turnover across moorlands is

certainly high, but such turnover will occur mainly in rare subordinate species

(Sasaki et al. 2012a). The change in community structure will decrease light

availability to a greater degree at the bottom layer of the community. Evergreen

Fig. 2.7 Specific leaf area (SLA; a), daily light absorption per leaf mass (ΦDleafmass; b), leaf life

span (LLS; c), and lifetime light absorption per leaf mass (ΦLleafmass; d), plotted against leaf

maximum height. Triangles and circles denote species at high elevation and low elevation,

respectively. Solid and open symbols denote evergreen and deciduous species, respectively. The

dashed line is the regression of deciduous species at all three elevations (a, y¼ 0.03x�0.14; b,

y¼ 0.08x0.25; c, y¼ 0.29x�0.15; d, y¼ 11.28x0.06), and the solid line denotes the regression of

evergreen species at all three elevations (a, y¼ 0.02x�0.10; b, y¼ 0.08x0.25; c, y¼ 5.76x�0.78; d,

y¼ 38.34x�0.31) (Modified from Kamiyama et al. (2014b))
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species will be disadvantaged due to light competition because of the extremely

shaded light condition and may finally be excluded from the community.

2.4.5 Vulnerability Assessment of Moorland Plant
Communities

In the face of biodiversity loss under global change, conservation biologists have

shifted their focus from single species to entire communities within a landscape,

and the maintenance of functional aspects of communities, which is mostly driven

by common species, has been considered to be important for the integrity and

sustainability of communities (Olson et al. 2002; Grime 1998; Hillebrand

et al. 2008). These perspectives necessitate the knowledge of scale-dependent

phenomena, particularly spatial patterns of species diversity, because the distribu-

tions of organisms are the result of processes operating at both small and large

spatial scales (Crawley and Harral 2001; Collins et al. 2002; Freckleton 2004).

Hence, understanding of spatial structure of diversity within ecosystems is impor-

tant for the consideration of conservation and management strategies of individual

ecosystems under changing climate. As mentioned above, species diversity in the

moorlands of the Hakkoda area is composed of the floristic differences among local

moorlands (Fig. 2.2). This suggests that the protection of as many moorlands as

possible is the most effective approach for the conservation of total diversity of this

area. However, when the protection of all moorlands is not a realistic strategy for

conservation, we need another measure that is useful for guiding decisions of

conservation strategies.

Fig. 2.8 Leaf lifetime light

acquisition efficiency of

each functional group at

different elevations

(Modified from Kamiyama

et al. (2014b))
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Communities in isolated habitats are generally surrounded by inhospitable

matrices, such as island communities surrounded by ocean, and often form a nested

subset pattern. In a landscape with a nested pattern, species richness varies among

communities. Species-rich communities include most of the species in the land-

scape, and species-poor communities consist of nested subsets of more species-rich

communities (Atmar and Patterson 1993; Wright et al. 1998; Ulrich et al. 2009).

Perfect nestedness occurs when all species in less species-rich sites are to be found

in all of the more species-rich sites. Although perfect nestedness is rarely observed

in nature, the degree of nestedness can be quantified and statistically evaluated

through simulations based on null models (Jonsson 2001; Ulrich and Gotelli 2007;

Ulrich et al. 2009). Nestedness analysis contributes to the understanding of mech-

anisms determining community development. It also provides information on

whether a particular species in isolated and fragmented systems are moving toward

extinction or colonization of new habitats (Wright and Reeves 1992; Azeria and

Kolasa 2008; Ulrich et al. 2009).

In the analysis of nestedness of species diversity (Sasaki et al. 2012b), we

detected significant nested structure of moorland plant communities (Fig. 2.9).

The pH and moorland kernel density (proxy for spatial clustering of moorlands

around the focal site) were the most important predictors of moorland site nested

rank in a nestedness matrix (Fig. 2.10). The niche breadths of species (measured as

variation in leaf mass area and height) predicted the nested ranks of species.

Selective environmental tolerances imposed by environmental harshness and selec-

tive extinction caused by declines in site-carrying capacities probably account for

the nested subset pattern observed in moorland plant communities. The nested rank

of species in the nestedness matrix can therefore be translated into the potential

order of species loss explainable by species niche breadths (based on variation in

functional traits).

Fig. 2.9 Maximally packed species presence–absence matrix (where species and sites are ordered

according to incidence and species richness) for samples from moorland plant communities

arrayed across the Hakkoda mountain range, Aomori Prefecture, northern Japan. Filled cells

indicate presence; white cells indicate absence. The measure of nestedness NODF varies from

0 (no nestedness) to 100 (perfect nestedness). Nrows and Ncolumns are a sum of the nestedness

introduced by rows (sites) and by columns (species), representing the independent contributions of

sites and species to NODF (total nestedness). The matrix is significantly nested under the

constrained null model (P< 0.001) (Redrawn from Sasaki et al. (2012b))
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Assuming the nested rank of species as the potential order of species loss, we

assessed how species loss affects functional diversity in each moorland (Sasaki

et al. 2014). Functional diversity (FD) is defined as the extent of trait differences

among species in a given community (Petchey and Gaston 2002b, 2006) and

generally assumed to be one of the best predictors of ecosystem functioning and

persistence (Petchey and Gaston 2006; Cadotte et al. 2011). FD can be an especially

strong tool for conservation when target ecosystem functions cannot be specifically

defined and when comprehensive ecosystem functions and different aspects of

biological diversity that cannot necessarily be quantified through direct measure-

ments of functions (e.g., the timing of flowering) are of concern (Cadotte

et al. 2011). Quantifying changes in FD according to the loss of species from

natural systems can thus help to predict the consequences of species loss on the

functioning and persistence of communities and ecosystems (Petchey and Gaston

2002a; Matsuzaki et al. 2013).

FD in each moorland was estimated based on trait data obtained from the above

studies and other literatures. We assumed that the rate of decrease in FD caused by

species loss in a given community represents its vulnerability to species loss in

response to environmental changes, because a decrease in FD suggests a decline in

the overall functioning and persistence of communities. We estimated FD in each

moorland and simulated the vulnerability based on two patterns of species loss:

(1) an ecologically plausible order of species loss derived from the nested subset

pattern in the communities and (2) a randomized species loss order. The form of

response of FD to species loss differed among moorlands (Fig. 2.11). In site A,

Fig. 2.10 The regression tree explaining nested ranking of moorland sites (the site ordered in the

first row in the maximally ordered species presence–absence matrix has the highest rank, and the site

ordered in the last row has the lowest rank; 1 ¼ highest rank, 28 ¼ lowest rank) by environmental

variables in moorland sites (pH, EC, elevation, temperature, area, kernel densities of moorlands with

500, 1000 and 2000 m radii, isolation index, and coefficients of variation for pH and EC). Splitter

variables (and their splitting values for log10-transformed quantitative variables) are given at each

node. Values at the terminal ends of branches are mean nested ranks of moorland sites sharing the set

of environmental conditions defined by the upper nodes: pH, pH of soil solution; Ker500 m, kernel

densities of moorlands with a 500-m radius (Redrawn from Sasaki et al. (2012b))
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ordered species loss caused a relatively small decrease in FD until a certain number

of species were lost, and subsequently, FD decreased rapidly. The form of the

responses of FD to random species loss was generally similar to that of ordered

species loss at these sites. In contrast, at site B, ordered species loss caused an

approximately proportional decrease in FD, whereas random species loss caused a

relatively small decline in FD until a certain number of species were lost and an

accelerating decline occurred thereafter. The vulnerability of plant communities is

considered to be higher in site B than in site A.

The rate of decrease in FD by simulated species loss by the ecologically

plausible order can be considered to represent the vulnerability of the community

in each site to future environmental changes. We defined FD half-life as an index of

vulnerability; the index is calculated as the number of species that must be lost to

halve the original FD value (S0) divided by the original number of species at each

site (S). An FD half-life close to 0 means a shorter half-life (Fig. 2.11, site B; in the

case of a perfectly linear response), whereas that close to 1 means a longer half-life.

We further analyzed the relationship between FD half-life and environmental vari-

ables. The best-fit model included elevation, kernel density of moorlands within a
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Fig. 2.11 Two examples of

changes in functional

diversity caused by

simulated species loss at

each moorland site based on

two species loss orders:

(1) an ecologically plausible

order derived from the

nested subset pattern in the

moorland communities

(solid lines) and (2) a
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500-m search radius, and isolation index as explanatory variables. There were

significantly negative relationships between the FD half-life and elevation and

kernel density and a positive relationship between the FD half-life and the isolation

index. By applying the model to environmental data for individual moorlands, we

mapped the predicted value of FD half-life across the entire landscape (Fig. 2.12).

In this study, we conducted fine-scale assessments of the vulnerability of moor-

land plant communities to species loss that is likely to occur under future environ-

mental changes. Our key finding on the contrasting consequences of realistic

species loss on FD among the sites agreed with previous studies, which suggested

that the impact of species loss on ecosystem functioning depends on the interspe-

cific differences in functional traits and in abundance within a given community

(Petchey and Gaston 2002a, 2006). The vulnerability assessments of communities

determined by combining FD and species loss simulations in an applied context, as

presented here for moorland communities, can provide urgently needed information

guiding how to act to conserve ecosystems in the face of global loss of biodiversity

under environmental change.

Fig. 2.12 Map showing the predicted value of FD half-life for each moorland within the Hakkoda

mountain range (Redrawn from Sasaki et al. (2014))
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2.5 Conclusions

Trait information enabled us to connect community ecology with ecophysiological

knowledge. We studied species diversity in moorland communities using plant

functional traits. Species composition was different between moorlands along

environmental gradient (Sasaki et al. 2012a, 2013). We successfully described

species replacement within and between functional groups by values of leaf traits

(Sasaki et al. 2012b; Kamiyama et al. 2014a). Variation in leaf traits was related to

the strategy of light acquisition (Kamiyama et al. 2010, 2014b). Evergreen and

short-stature species tended to utilize light mainly during spring, whereas deciduous

and tall-stature species utilized light predominately during summer, which enabled

coexistence of species with different functional traits. However, the degrees of

advantages of traits were different depending on the environment, which partly

explain species replacement along the environmental gradient. We found that

species diversity in moorland communities was significantly nested (Sasaki

et al. 2012b). Assuming the nested rank of species as the potential order of species

loss, we assessed vulnerability of moorland plant communities using a simulation

of functional diversity loss (Sasaki et al. 2014). We found that vulnerability is

considerably different among moorlands, which implies that functional diversity

can be a useful measure for conservation strategy.

How functional traits are related to ecosystem functions is yet to be studied. In

particular, the moorland ecosystem is an important sink of carbon. Since decom-

position processes are also related to functional traits, functional variation in

species diversity may affect the carbon cycle in moorland ecosystems. Furthermore,

since peat accumulation is related to cool temperatures, responses to global

warming are also an important issue in moorland studies. A combination of studies

using altitudinal gradient and warming experiments may provide effective impli-

cations for predicting future changes in biodiversity and ecosystem functions of

subalpine moorlands.
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Chapter 3

Landscape Structure of Flowering Phenology

in Alpine Ecosystems: Significance

of Plant–Pollinator Interactions

and Evolutionary Aspects

Gaku Kudo

Abstract Spatiotemporal variation in flowering phenology at community scale is

an important structure in alpine ecosystems. The composition of flowering species

at a regional scale changes drastically on a weekly scale during the short summer. In

early snowmelt year, flowering more often overlapped among species, and the

whole flowering period was shorter than in usual year. The major pollinators in

Japanese alpine ecosystems are flies and bees. Approximately 50 % and 30 % of

insect-pollinated plant species were predominantly visited by flies and bees, respec-

tively. Bee-pollinated flowers showed a dispersed flowering pattern in which

anthesis of early bloomers corresponded with the active period of queen bumble-

bees, while that of late bloomers with the active period of worker bumblebees.

Fly-pollinated flowers showed a peak in their flowering in the middle of the season

when the ambient temperature was high. In an extremely warm summer, the

flowering season finished earlier, and the synchrony of flowers and pollinators

was disrupted because the life cycle of bees did not keep pace with the rapid

progression of the flowering season. This phenological mismatch suggested a

fragile relationship between plants and bees. Phenological isolation of pollen-

mediated gene flow between local plant populations caused a spatial genetic

structure within a local area. The restriction of gene flow could accelerate local

adaptation. Because pollinator activity often increased as the season progressed,

both fruit-set success and outcrossing rate increased in populations in late-

snowmelt habitats. Such variations in reproductive success may cause life history

variation at the local scale.
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3.1 Introduction

Alpine ecosystems are characterized by cool temperature, strong winds, high

radiation, and short growth period that restrict plant growth and reproduction

(Billings and Bliss 1959; K€orner 2003). Usually, phenological progress of alpine
plants is largely determined by species-specific thermal requirement (Kudo and

Suzuki 1999; Huelber et al. 2006; Wipf 2010; Kudo and Yokosuka 2012). In snowy

mountain regions, however, snowmelt regime directly determines the time of

growth initiation and growth period of alpine plants when snow remains even

after the ambient temperature has increased above the lower limit for plant growth.

Therefore, leafing and flowering of alpine plants progress sequentially along the

local snowmelt gradient (Holway and Ward 1965; Kudo 1991). Furthermore, the

species composition of plant communities varies highly in response to local snow

conditions. Wind-exposed fellfield habitat located on ridges and summits with little

snow and snowbed habitat with lingering snow are two basic components of alpine

ecosystems, in which different types of vegetation are present (Miller 1982; Kudo

and Hirao 2006). The species composition of alpine vegetation changes clearly

along the snowmelt gradient (Kudo and Ito 1992; Heegaard 2002; Sch€ob
et al. 2009), and this vegetation pattern creates complex and dynamic phenological

structures at the landscape level (abiotic process in Fig. 3.1). However, the ecolog-

ical significance of community-scale phenology structure has scarcely been exam-

ined in alpine ecosystems.

Time of flowering strongly influences the seed-set success of alpine plants.

Because pollinator activity and availability usually increase as the season pro-

gresses, early flowering often results in pollen limitation for seed production due

to low pollination service (e.g., Kudo 1993; Kudo and Suzuki 2001; Kudo and

Hirao 2006; Thomson 2010). Furthermore, early flowering may increase the risk of

frost damage early in the season (Inouye 2008; Wheeler et al. 2014). On the other

hand, flowering too late may restrict the period for fruit development after

flowering, resulting in the failure of seed production (Galen and Stanton 1991;

Kudo 1991; Molau 1993). Therefore, both abiotic and biotic factors affect the seed-

set success of alpine plants in association with variation in flowering phenology.

There have been many studies on the variation in seed-set success of alpine plants

with reference to flowering phenology, including both inter- and intraspecific

comparisons. However, there have been few studies on pollination ecology in

terms of the landscape structure of flowering phenology. Here, the term “landscape

phenology” is used to indicate temporal variations in flowering time both among

local populations of a single species and among plant communities within an area in

which pollinators can move spatially. Because pollinators can move spatially over

multiple plant communities within a region, plant species may compete for polli-

nator acquisition not only within a community but also between different commu-

nities if their flowering period overlaps with each other. Therefore, consideration of

the landscape phenological structure is necessary to understand plant–pollinator

interactions at the community scale (biotic process in Fig. 3.1).
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The major pollinator insects in alpine ecosystems are flies and bees (especially

bumblebees), and their life cycles are different. The availability and activity of

bumblebees changes greatly as the season progresses, reflecting colony develop-

ment because of their eusocial life cycle (Heinrich 1975). In contrast, flies com-

monly have short life cycles, and their activity may be more opportunistic in

comparison with social bees (Kevan and Baker 1983; Kearns and Inouye 1994;

Larson et al. 2001; Bischofe et al. 2013). Therefore, plants dependent on fly

pollination may have a different flowering pattern from plants dependent on bee

pollination, i.e., pollination syndrome on phenological traits. This possibility was

suggested in a previous study conducted at an alpine snow meadow in central Japan

(Yumoto 1986), but quantitative analyses of flowering structure over communities

have not yet been performed.

Alpine ecosystems are the most sensitive to climate change, and there have been

many studies on the responses of plant growth, species composition, and phenology

based on long-term monitoring and experiments with environmental factors (e.g.,

Pauli et al. 2007; Oberbauer et al. 2013). Interactions between alpine plants and

pollinators may also be influenced by climate change if the phenologies of plants

and pollinators respond differently to climate variations, i.e., phenological

mismatch (Memmott et al. 2007; Hegland et al. 2009; Forrest 2015). The effects
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Fig. 3.1 Formation of landscape phenology and its importance for plant–pollinator interactions in

alpine ecosystems. Heterogeneity of snowmelt patterns reflecting topographic changes causes

vegetational complexity and spatiotemporal variation in the phenology of plants in both local and

regional communities (abiotic process). These landscape features of plant communities, in addi-

tion to the seasonality of pollinator availability and activity, create diverse interactions between

alpine plants and pollinators, resulting in variations in reproductive success and acceleration of

local adaptation (biotic process)
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of climate change on plant–pollinator interactions in alpine ecosystems, however,

should be evaluated with consideration of the landscape features of flowering

structures along the snowmelt gradient.

In this chapter, I provide an overview of the structure and function of flowering

phenology at the landscape level, the sensitivity of plant–pollinator interactions to

climate variations, and the evolutionary significance of landscape phenology for

plant adaptations in alpine ecosystems. Most studies in this chapter were conducted

in the Taisetsu Mountains in Hokkaido (43� 13–450 N, 142� 320–143� 190 E), which
is the largest alpine ecosystem in Japan.

3.2 Phenological Responses of Alpine Plants to the Abiotic

Environment

3.2.1 Temperature Dependence and Snowmelt Regime

Ambient temperature is the most common determinant factor for the growth

initiation and period for most alpine plants. Variation in flowering onset time

reflects species-specific thermal requirements that are commonly expressed as the

cumulative temperature above a threshold (usually 5 �C), i.e., growing degree days
(GDD; Kudo and Suzuki 1999; Wipf 2010; Kudo and Yokosuka 2012). In fellfield

habitats with little snow cover, spring air temperature largely determines flowering

onset of early bloomers, whereas in snowbed habitats where snow remains until

summer, the time of snowmelt determines the time of flowering onset because the

soil surface is constantly kept at 0 �C under snow cover and exposed to warm

temperatures soon after snowmelt. Therefore, regional phenological dynamics in

alpine ecosystems are governed by the combination of temperature and snowmelt

regime (Holway and Ward 1965; Kudo 1991; Huelber et al. 2006; Kudo and Hirao

2006).

Thermal requirements for flowering onset (GDD during pre-flowering period)

vary widely among species (Kudo and Suzuki 1999; Kudo and Yokosuka 2012) in

both fellfield and snowbed species (Fig. 3.2), but few snowbed species have a very

large thermal requirement (>400� days). This may reflect the short growth season

in snowbed habitats, in which flowering too late could increase the risk of leaving

insufficient time for fruit development. Such a diverse pattern of thermal require-

ments may contribute to reduce the flowering overlap among species within

communities.
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3.2.2 Landscape Structure of Flowering Phenology

The combination of flowering patterns in fellfield and snowbed communities

represents the flowering structure at the landscape level (Kudo and Hirao 2006).

The flowering phenology of fellfield communities is relatively stable from year to

year, in which flowering onset starts around the beginning of June and the flowering

season lasts until mid-August. In contrast, the flowering phenology of snowbed

communities fluctuates substantially from year to year owing to large yearly

variation in snowmelt time. Thus, the total flowering period at the regional scale

strongly depends on the flowering progress of snowbed communities.

The qualitative structure of flowering phenology in each community can be

expressed as a seasonal transition of overlapping flowering among species

(Fig. 3.3b), whereas the phenological structure at the regional scale can be

expressed as a combination of the community phenology along the snowmelt

gradient (Fig. 3.3c). This landscape feature of flowering structure is useful to

quantify the phenological responses to climate variations of alpine ecosystems. In

a usual summer (2011), flowering progressed gradually from fellfield to snowbed

communities along the snowmelt gradient, and the total flowering period was

approximately 3 months. In 2012, which was an unusually warm summer with

early snowmelt, however, the flowering period largely overlapped among the

communities, and the total flowering period was 1 month shorter than in a usual

summer. In 2013, when the early season was warm but snowmelt progressed

slowly, the total flowering period was similar to 2011, but flowering overlap was

greater throughout the season. These yearly variations in landscape phenology

express the fluctuation in floral resources and influences on the competitive situa-

tion for pollinator acquisition among plant species.
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3.3 Pollination Syndrome of Flowering Phenology

3.3.1 Pollinator Types for Alpine Plants

In alpine ecosystems, flies (Diptera) and bees (Hymenoptera) are the major flower

visitors (Arroyo et al. 1982; Kevan and Baker 1983; Yumoto 1986; Totland 1993;

Bergman et al. 1996). In particular, bumblebees (Bombus spp.) are the most

effective pollinators for many alpine plants (Bingham and Orthner 1998). In

addition, in Japanese alpine regions, the most common flower visitors are flies

(60 %) and bees (35 %), and the proportions of visits by butterflies and moths

(Lepidoptera) and other insects are small (�5 %). These compositions are similar

between alpine ecosystems in northern and central Japan (Table 3.1). Reflecting the

composition of flower visitors, insect-pollinated alpine plant species can be largely

classified into three groups: bee-pollinated flowers (B type), fly-pollinated flowers

(F type), and bee- and fly-pollinated flowers (BF type). Observations of flower
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Fig. 3.3 (a) Location of plots within the research area in the Taisetsu Mountains, Japan. Plots S

and O were located in a fellfield habitat and plots A–E were arranged along a snowmelt gradient in

a snowbed habitat. (b) Flowering periods of major plant species (individual horizontal bars) and
the number of species with overlapping flowering periods (lines) in each plot (example of

measurements from 2011). (c) Yearly variation in the seasonal trends in flowering overlaps

between species across seven plots during 2011–2013. Week 1 corresponds to 1 June
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visitors in alpine regions located in northern and central Japan revealed that

46–51 % of plant species were predominantly visited by flies (Anthomyiidae,

Syrphidae, Empididae, and others), 27–28 % were predominantly visited by bees

(mostly bumblebees), and the remaining 21–26 % were visited by both (Table 3.2).

These similarities in flower visitor compositions and flower types between geo-

graphically isolated mountain regions imply a possibility that the flowering patterns

of alpine plant communities may be formed under the selection of seasonality

and/or foraging patterns of bees and flies.

Pollination syndrome of floral traits, such as morphology, color, odor, and

reward, has been well studied (e.g., Fenster et al. 2004; Ollerton et al. 2009).

However, the flowering patterns within communities have scarcely been studied

in terms of pollination syndrome. In this section, I compare the flowering patterns

of bee- vs. fly-pollinated plants and their consistency between years based on the

seasonal activity of flower visitors.

3.3.2 Seasonal Activity of Bees and Flies

Seasonal patterns of foraging activity of bumblebees reflect the life cycle of colony

development (Kudo et al. 2011). In the early season, only overwintered queen bees

are available at a low frequency. The timing of queen emergence in spring is

determined by thermal conditions of the overwintering habitat, i.e., soil temperature

(Alford 1969). In alpine regions of northern Japan, queen bees usually appear

around the beginning of June, whereas worker bees usually emerge in mid-July.

The active period of worker bees lasts until late August, after which new queens and

male bees also emerge; bee activity then decreases and is finished by

mid-September (Kudo 2014). This clear seasonality in the life cycle of bees creates

a seasonal trend in pollination efficiency for bee-pollinated plants, in which

Table 3.1 Compositions of flower visitors to alpine plants in the Taisetsu Mountains (northern

Japan, N43.5�, 1700–1900 m) and Mt. Tateyama (central Japan, N36.6�, 2400–2800 m)

Order Diptera (%) Hymenoptera (%) Lepidoptera (%) Others (%) No. of obs.

Taisetsu Mts. 61.4 35.8 2.0 0.8 N¼ 4275

Mt.

Tateyamaa
64.4 31.1 1.6 2.9 N¼ 4955

aUnpublished data from H.S. Ishii, Toyama University

Table 3.2 Proportion of plant species predominantly visited by bees, flies, and both bees and flies

in the alpine plant communities from two Japanese mountain regions

Bee flowers (%) Fly flowers (%) Bee and fly flowers (%) No. of species

Taisetsu Mts. 27.8 46.3 25.9 54 spp.

Mt. Tateyamaa 27.1 51.4 21.4 70 spp.
aUnpublished data from H.S. Ishii, Toyama University
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pollination success often increases with a delay in flowering time in both inter- and

intraspecific populations (Kudo 1993; Kudo and Suzuki 2001).

There have only been a few studies on the seasonal activity of flies in alpine

ecosystems despite their importance. In alpine Norway, where flies are the predom-

inant flower visitors, the abundance of flower visitors tended to decrease gradually

from mid-July to September, but this was more related to temperature and floral

resources (Totland 1994). In the Rocky Mountains in North America, the abun-

dance of syrphid flies responded to the yearly variation in floral resources (Iler

et al. 2013). These reports suggest that flies may exhibit flexible activity responding

to weather conditions and floral resources more than bumblebees.

In the Taisetsu Mountains, the abundance of anthophilous flies was positively

related to ambient temperature but independent of season and year (Fig. 3.4a). This

indicated that the availability of fly pollinators is potentially high throughout the

summer. In contrast, the abundance of bumblebees strongly depended on both

ambient temperature and season, with a significant difference between years

(Fig. 3.4b), indicating a clear seasonality of pollinator availability for

bee-pollinated plants. Therefore, the selective forces acting on flowering time of

fly-pollinated species may be more moderate than that of bee-pollinated species.

3.3.3 Flowering Pattern of Bee-Pollinated
and Fly-Pollinated Plants

In addition to the seasonal availability of pollinators, the foraging behavior and

pollination efficiency of flower visitors may be an important selective force affect-

ing the flowering pattern of plants depending on different pollinators. There have
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been many studies on the floral constancy of bumblebees during foraging flights

irrespective of their pollinator habit as a generalist (Heinrich 1976; Waser 1986;

Wilson and Stine 1996; Ishii 2005). The floral choice of bumblebees is generally

determined by the abundance of floral reward and its distribution in plant commu-

nities. This means that bee-pollinated flowers with overlapping flowering time may

compete with each other for pollinator acquisition; thus, sequential flowering

among species within communities may be beneficial to reduce competition (Pleas-

ants 1980; Rathcke and Lacey 1985; Rathcke 1993). In fact, sequential flowering

among bee-pollinated species was detected in some plant communities (Heinrich

1975; Pleasants 1980; Yumoto 1986), indicating a possibility of “exploitative
competition” among bee-pollinated species.

Foraging behavior of fly pollinators has rarely been quantified in alpine ecosys-

tems (see Kearns 1992; Kearns and Inouye 1994). Generally, flies have been

recognized as faithless pollinators in comparison with bees (Bischofe et al. 2013),

although some studies reported a significant flower color preference by syrphid flies

(Goulson and Wright 1998; Campbell et al. 2010). If flies exhibit less floral

constancy and frequently induce pollen transfer among flowers of different species,

“interference competition” may occur between co-flowering species, resulting in

potential selection for segregated flowering among species. On the other hand, if

interspecific flower movements of flies are not common and/or if pollen deposition

during a single flower visit by a fly is small, interference competition between

co-flowering plants may be limited (Kearns 1992). Furthermore, if higher flowering

overlap among species contributes to attract and/or maintain pollinators in a

community, simultaneous flowering may even be beneficial (Rathcke 1993), espe-

cially under the conditions of pollinator limitation (Moeller 2004). Because seed

production of alpine plants is commonly restricted by pollen limitation, high

overlap of fly-pollinated flowers is expected.

The flowering patterns of alpine plant communities in the Taisetsu Mountains

are shown in Fig. 3.5. Flowering overlaps among species are expressed as the

proportion of species flowering at same time, and this varied significantly between

flower types and between years (statistics not shown). B-type flowers tended to

have a dispersed flowering pattern within a growth period, whereas F-type flowers

showed a concentrated pattern in the middle of the season when the ambient

temperature was high. The flowering pattern of BF-type flowers was similar to

F-type flowers in the early period, but higher flowering overlap was retained from

the middle to late period. In 2012, which was a warm year with early snowmelt, the

flowering periods were shortened, especially in B-type flowers. Snowmelt

progressed slowly in 2013, and the flowering periods of B- and BF-type flowers

were extended in the later season. In comparison with these flowers, the flowering

period and overlap of F-type flowers were relatively stable between years.

The flowering periods of individual populations were 17.8� 1.9 days (mean �
SE) in B-type species (n¼ 17), 20.7� 2.6 days in BF type, and 25.9� 2.1 days in F

type (unpublished data), and there was a significant difference between B-type and
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F-type species (t44¼ 2.59, P¼ 0.013). Shorter flowering period with low flowering

overlap in B-type species may reflect the selective force to reduce the competition

for pollinators among bee-pollinated species.

For the precise assessment of floral resources, not only the qualitative descrip-

tion of phenological structure but also the quantification of flower production is

crucial. Thus, flower densities were measured across seven plots from a fellfield

habitat to the bottom of a snowbed habitat in early (2012) and late snowmelt years

(2013, Fig. 3.6). The seasonal trend of B-type flowers varied highly between years.

Floral densities were low in 2012, in which a unimodal flowering pattern was

detected. In contrast, a clear bimodal pattern was detected in 2013. This was

because mass flowering of fellfield shrubs (Arctous alpinus and Arcterica nana)
occurred in early June and mass flowering of snowbed shrubs (Phyllodoce aleutica
and P. caerulea f. yesoensis) occurred in late August. In 2012, an early flowering

peak was not detected because of very low flower production in the fellfield habitat,

and flowering of snowbed plants occurred very early owing to early snowmelt. As a

result, the flowering pattern of bee-pollinated plants showed a unimodal shape with

a peak in late July.

Flower production of BF-type plants was similar between years, and a unimodal

flowering pattern was detected with a peak in late July to early August in both years.

The pattern of F-type flowers was also similar between years, but the seasonal

fluctuation was much smaller in comparison with B-type and BF-type flowers.

Therefore, yearly variations in flower production and flowering pattern in this area

were mainly formed by the flowering performance of bee-pollinated plants. This

trend may reflect the differences in growth form between B-type and F-type species.
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Bees commonly prefer flowers of ericaceous shrubs, and flower production of these

shrubs tends to show large yearly variation (Kudo 1991). In contrast, most

fly-pollinated plants are herbs, and they commonly show stable flower production

over years. Large fluctuations in floral resources may be related to the yearly

variation in bee frequency (Fig. 3.4). The relationship between floral resources

and population dynamics of pollinators is an important issue for future studies in

alpine ecosystems.
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Fig. 3.6 Seasonal patterns in floral resources of the bee-pollinated (B-type), fly-pollinated

(F-type), and bee- and fly-pollinated (BF-type) plants in years of early (2012) and late snowmelt

(2013) in the Taisetsu Mountains, Japan. For a quantification of floral resources, 10 quadrats

(2� 2 m) were arbitrarily set in each of seven plots (see Fig. 3.3), and the number of flowers of

every insect-pollinated species was counted (70 quadrats in total) throughout the flowering season,

mostly at weekly intervals. Then floral resources at the regional scale are expressed as flower

density per unit area (10 m2)
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3.4 Phenological Matching of Flowers and Pollinators

3.4.1 Phenological Shift in Response to Climate Change

There is a large body of evidence of phenological shifts in various organisms

responding to recent climate change (Root et al. 2003; Parmesan 2007). Phenolog-

ical shifts are most apparent in arctic and alpine ecosystems where cold winter

climates restrict the growth of plants and insects. In snowy alpine ecosystems, snow

conditions are an important driving force of flowering phenology of alpine plants

(Kudo and Hirao 2006; Wipf 2010). Recently, snowmelt time has been advancing

in many alpine regions (Mote et al. 2005; Kudo and Hirao 2006; Rixen et al. 2012).

In a warm climate, alpine plant communities tend to shorten the whole flowering

period due to earlier completion of the flowering season. It is an important question

whether the phenologies of plants and pollinators respond similarly to climate

change (Forrest 2015). Phenological mismatch between flowering time and polli-

nator activity may disrupt plant–pollinator interactions within a pollination network

of an individual ecosystem. Memmott et al. (2007) predicted that phenological

shifts caused by global warming would reduce the floral resources available to

17–50 % of pollinator species owing to reduced overlap between flowers and

pollinators.

To evaluate the ecological impacts of climate change on the interaction between

plants and pollinators, the following three approaches are important: (1) detection

of phenological shifts in flowering time and pollinator activities responding to

climate variation, (2) quantification of the effects of phenological mismatch on

fitness and population dynamics of plants and pollinators, and (3) prediction of the

dynamics of community structure and species diversity caused by the disruption of

plant–pollinator interactions. There have been several studies on the first approach

based on observations and experimental manipulation of phenology (Forrest and

Thomson 2011; Iler et al. 2013). For the second approach, there have only been a

few studies on the evaluation of plant fitness, but there have been no studies of plant

population dynamics, and studies on pollinator fitness and population dynamics are

completely lacking. For the third approach, there are only a few theoretical pre-

dictions based on historical records of the phenological shifts of many plant and

insect phenologies (Memmott et al. 2007; Hegland et al. 2009).

Predictions in previous studies on phenological shifts have not been consistent.

There have been several studies that suggested similar phenological shifts in plants

and pollinating insects (Bartomeus et al. 2011; Ovaskainen et al. 2013; Rafferty and

Ives 2011; Burkle et al. 2013). In contrast, some studies reported significant

phenological mismatch between plants and insects (Gordo and Sanz 2006; Kudo

and Ida 2013), and these mismatches affected plant fitness in some cases (Thomson

2010; Kudo and Ida 2013). These inconsistent conclusions may partly reflect

differences in climatic conditions of the research sites and types of pollinators in

the various studies. Generally, phenological mismatch was more common in the

early season or under cool climatic conditions (Miller-Rushing et al. 2010;
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McKinney et al. 2012). Previous studies conducted in the Arctic and alpine

environments reported good synchrony between fly abundance and community-

wide flowering even in unusually warm summers (Høye et al. 2013; Iler et al. 2013).

In contrast, a significant mismatch between bee abundance and flowering time was

detected in an extremely warm summer for a Japanese alpine site (Kudo 2014).

3.4.2 Phenological Mismatch Between Alpine Plants
and Bumblebees

During 3 years of observation (2011–2013) of flowering pattern and bumblebee

abundance at Mt. Akadake (northern part of the Taisetsu Mountains), the synchrony

of flowering phenology and bumblebee activity was apparently disrupted in the

unusually warm summer of 2012 (Fig. 3.7; Kudo 2014 for details). In a normal year,

2011, flowering of a fellfield community started in early June and that of a snowbed

community started around mid-July depending on snowmelt conditions, and the

flowering season lasted until early September. Overwintered queen bees emerged in

early June, and the active period of workers was from late July to mid-August, and

then worker activity decreased toward early September. The number of flowering

species was retained at a high level during the active period of workers. Owing to

the warm and early snowmelt conditions in 2012, flowering started in late May and

early July in fellfield and snowbed communities, respectively, and the flowering

period had almost finished by late August. In contrast to the early shift in flowering

period, the appearance of worker bees was late and their activity was highest in late

August after the main flowering season. Thus, a clear phenological mismatch was

apparent. In the third year, 2013, temperature conditions were rather normal but

snowmelt progressed slowly. Therefore, the flowering period of snowbed commu-

nity was extended toward late September. Responding to the extended flowering

period, bee activity was also maintained until mid-September.

These yearly variations in flowering patterns across plant communities and bee

activity suggest a fragile relationship between plants and bees in alpine ecosystems

under conditions of climate change. A delay in worker bee emergence was an

unexpected response to the warm weather conditions. In 2012, soil thawing in

fellfield habitats occurred 3 weeks earlier than in a usual year. Because

overwintering queen bees emerge when soil temperature reaches around 5–9 �C
(Alford 1969), queens seemed to emerge before the flowering of fellfield commu-

nity species in this year. Food limitation conditions soon after emergence might

cause physical damage to queens, which might influence subsequent colony estab-

lishment. Experimental studies revealed that diapause duration and thermal condi-

tions affect the preoviposition period and subsequent colony development of

bumblebees (Beekman et al. 1998; Amin et al. 2007). In ground-nesting bees, soil

temperature in overwintering and nesting habitats may be a crucial factor deter-

mining the life cycle.
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Responses of bumblebees to yearly variation in flowering phenology were

highly species specific (Kudo 2014). Among four Bombus species observed at

this site, only B. hypocrita sapporoensis remained in the alpine environment for

its whole life cycle from overwintering to breeding, i.e., it was a resident pollinator.

Bombus beaticola moshkarareppus was commonly observed in alpine regions from

late June to early September, but queen bees were rare in the early season. This

species can also breed in alpine habitats, but its major overwintering site may be in

subalpine habitats. The other two species, B. hypnorum koropokkrus and

B. yezoensis, showed large fluctuations in abundance between years. It seems that

they visit alpine regions only for foraging, i.e., migrant pollinators, because their

active periods in alpine sites were short. Interestingly, the active period of

B. hypocrita sapporoensis, a resident pollinator, was synchronized with the major

flowering period every year, i.e., short active period in 2012 and long active period

in 2013. Therefore, the life cycle of this species can be regulated flexibly depending

on the availability of floral resources. In contrast, the abundance of B. beaticola
moshkarareppus and B. yezoensis increased continuously toward late August in

2012. In early September, when the flowering of most species had finished, these

bees (workers, males and queens) were commonly visiting the sporadic remaining

flowers. Further study is necessary to clarify the late-season mismatch effects on

subsequent bee population dynamics.

3.5 Evolutionary Aspects on Flowering Phenology

in Alpine Ecosystems

3.5.1 Significance of Phenological Isolation

Previous studies on the evolutionary implications of mountain ecosystems often

focused on the significance of altitudinal gradient with reference to the variation in

pollinator guilds (see Chap. 4 and references therein). Under different pollination

situations, selective forces may act differently on floral characteristics to improve

the pollination efficiency in each population, which may accelerate local adapta-

tions and ecotype differentiation along the altitudinal ecotone. Similarly, pheno-

logical differences along the snowmelt gradient in addition to the clear seasonality

of alpine ecosystems may act as selective forces for the creation of gene flow,

reproductive success, and local adaptation between neighboring populations of

alpine plants at a smaller scale rather than the altitude gradient. First, phenological

isolation of pollen-mediated gene flow between neighboring populations may cause

a spatial genetic structure within a restricted area of not only spatially isolated

populations but also within a continuous patch when flowering time varied due to

heterogenetic snowmelt pattern (Hirao and Kudo 2004, 2008). Such a microscale

genetic structure may reflect the short pollen dispersal distance in insect-pollinated

alpine plants (Hirao et al. 2006; Buehler et al. 2012). Because spatial snowmelt
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pattern is stable reflecting topographic features, flowering sequence along the

snowmelt gradient often causes a directional and restricted gene flow. This sorting

function of flowering structure may contribute to form a meta-population structure

within a local area even when natural selection does not exist.

Second, when selective forces acting on morphological, physiological, and

ecological characteristics exist at a local scale, restriction of gene flow due to

phenological isolation may accelerate the local adaptation even when flowering

time is not directly related to the selective force. For example, flowering, germina-

tion, and growth form traits of Potentilla matsumurae were significantly different

between fellfield and snowbed populations within a local area (Shimono and Kudo

2003; Shimono et al. 2009). Plants in the fellfield populations showed sequential

flowering within each plant, sporadic germination, and prostrate leaf morphology in

comparison with the snowbed populations. These traits specific to the fellfield

populations may reflect windy, dry, and exposed situations in the fellfield habitat.

Restriction of gene flow between the habitats owing to phenological isolation may

accelerate and/or maintain habitat-specific ecotypes within local areas.

Third, in addition to the phenological isolation between local populations,

habitat-specific selective forces may directly act on phenological traits (Elzinga

et al. 2007). In late snowmelt habitats, for example, early flowering soon after

snowmelt is beneficial to complete the life cycle within the short growth season,

especially for late bloomers (Kudo 1991; Kudo and Suzuki 1999). The thermal

requirement of the late-blooming snowbed herb Gentiana nipponica was smaller in

late snowmelt populations, and this trait was retained even after transplantation to

an early snowmelt habitat (Kawai and Kudo 2011). Because this species is a

monocarpic herb, directional selection toward earlier flowering in late snowmelt

habitats might act strongly on phenological traits. Intraspecific variation in the

thermal requirement for reproductive phenology has been detected among

populations with different snowmelt regimes in several species (Kudo and Suzuki

1999). Ecological and evolutionary significance of phenological variation is

expected in these species.

3.5.2 Significance of Pollinator Seasonality

When pollinator activity and availability vary seasonally, the time of flowering

directly affects the pollination success of individual populations. As mentioned

previously, the activity of bumblebees has a strong seasonality, in which opportu-

nistic visits by queen bees are common in the early season, whereas frequent visits

by worker bees are common in the latter half of the season. Reflecting this clear

seasonal trend in pollinator availability, not only fruit-set success but also

outcrossing rate varies depending on the flowering time (Kameyama and Kudo

2009). For instance, outcrossing rates of the snowbed dwarf shrub Phyllodoce
aleutica varied from 10 % in an early snowmelt habitat to 88 % in a late snowmelt

habitat among neighboring populations (Fig. 3.8). Because of the high inbreeding

56 G. Kudo



depression, however, selfed offspring in this species might not contribute to the

maintenance of populations. Therefore, early snowmelt populations suffering from

low pollinator service may be maintained by vegetative growth and occasional

establishment of outcrossed progenies. In our previous study (Kameyama

et al. 2008), the clonal patch size of P. aleutica was much larger (>10 m in

diameter) in an early snowmelt plot, and it was estimated to be a few thousand

years old. In comparison, in late snowmelt plots, the clonal patch size was usually

smaller (2–3 m in diameter). It seemed that populations at the early snowmelt

habitat were mainly maintained by vegetative growth. Therefore, habitat-specific

pollinator situations may influence the population structure of clonal plants.

Low seed-set success of early bloomers is a common trend for bee-pollinated

species inhabiting fellfield sites (Kudo and Suzuki 2001). This is because flowering
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time and outcrossing rate (b) of Phyllodoce aleutica in the Taisetsu Mountains (Data from six

populations over 2 years are pooled. See Kameyama and Kudo (2009) for details)
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times of fellfield communities are rather stable between years in comparison with

snowbed communities (Kudo and Hirao 2006). Therefore, some fellfield species

may have evolved life history traits that tolerate low seed production, such as long

life span and/or vegetative propagation. On the other hand, the flowering time of

snowbed plants varies highly depending on the fluctuation in snowmelt time

between years, in which seed-set success also varied depending on pollinator

availability (Galen and Stanton 1991; Kudo and Hirao 2006). Especially for

short-lived herbaceous species, continuous mismatch between flowering time and

pollinator availability may cause a serious effect on population dynamics (Miller-

Rushing et al. 2010). Thus, phenological variations among local populations may

cause a large variation in life history traits (Kawai and Kudo 2011).

Seed-set success of plants should depend on the mating system of each species

and the type of pollinators. When autogamous selfing is common, seed production

may be independent of pollinator availability. Even in self-compatible species,

however, pollinator availability may affect the seed production if pollen deposition

on stigmas increases owing to pollinator visits. Furthermore, fly pollinators tend to

have less clear seasonality in comparison with social bees. Therefore, fly-pollinated

plants may have stable pollination service irrespective of flowering time in alpine

ecosystems. For clarification of the dynamics of plant–pollinator interactions in

alpine ecosystems, information on mating system, life history traits, pollinator type,

and seed-set pattern for major component species are still required.

3.6 Conclusion

The structure of landscape phenology shows substantial fluctuation between sea-

sons and years in alpine ecosystems. These dynamics reflect the combination of

phenological responses between fellfield communities (governed by temperature

regime) and snowbed communities (governed by snowmelt regime). Although the

activity and availability of pollinators vary temporally, there are clear differences in

seasonal trends between flies and bees. Detected phenological patterns specific to

fly-pollinated and bee-pollinated plants may be caused by plant–pollinator interac-

tions in alpine ecosystems. Global warming could cause a serious impact on the

phenological structure of alpine ecosystems. The risk of phenological mismatch is

suggested between plants and bees, but these may include species-specific

responses. For more precise prediction of global change impacts, understanding

of the key factors that determine the phenology of individual species is necessary, in

addition to the prediction of regional climate conditions, especially temperature and

snowmelt pattern.

Phenological structure at a regional scale may act as a major driving force to

create and maintain the biodiversity of alpine ecosystems. However, the evolution-

ary contribution of landscape phenology has rarely been studied. Because both

flowering structure and pollinator activity vary strongly with seasonal progress, the

features of interactions between co-flowering species (competition, facilitation, or
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neutrality) may vary spatiotemporally. For example, the relationships of pollination

success between neighboring species vary from competitive to facilitative

depending on the abundance of pollinators (Ye et al. 2014). For clarification of

the interaction web in alpine ecosystems, better understanding of ecological con-

nections between keystone species is crucial. Thus, studies on the ecosystem

function of landscape phenology will be an important focus for both global change

biology and evolutionary ecology.
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Chapter 4

Plant Genetic Diversity and Plant–Pollinator

Interactions Along Altitudinal Gradients

Takao Itino and Akira S. Hirao

Abstract Alpine plants are thought to be particularly vulnerable to extinction as a

result of global warming because their habitat ranges are expected to shift upward

until, eventually, no higher habitats remain into which they can escape. Moreover,

even mountain plants distributing across wide altitudinal ranges are likely to

experience range shifts, raising the possibility of local extinctions, especially of

genetically and ecologically differentiated types with narrow distribution ranges. In

this chapter, we examine to what extent plants genetically and ecologically differ-

entiate along altitude and how altitudinal changes in pollinator assemblages affect

floral evolution. First, by literature survey, we demonstrate that although altitudinal

patterns of species and genetic diversity have been extensively investigated, few

clear-cut examples of altitudinal genetic differentiation of neutral markers have

been identified. On the other hand, many studies have shown that adaptive traits of

plants differentiate along altitude, although their adaptive genetic background is yet

to be uncovered. We then briefly introduce three case studies of mountain herba-

ceous plant species displaying cryptic neutral genetic or adaptive trait differentia-

tion. The first two case studies show that the floral size of both Campanula punctata
and Prunella vulgaris differs among populations along altitude and is adapted to

altitudinally variable pollinator size. The third case study demonstrates that

Cimicifuga simplex is composed of three genetically differentiated ecotypes that

are distributed parapatrically or allopatrically along an altitudinal gradient. To meet

the challenges posed by future climate warming, it is essential to clarify the genetic

and ecological differentiation of mountain plants along altitude.
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4.1 Introduction

High mountain plants are expected to react sensitively to climate warming. In

particular, plants living near the top of elevation gradients are expected to become

extinct as plant species shift upward under a warming climate (Theurillat and

Guisan 2001; Colwell et al. 2008). Consequently, a reduction of biodiversity in

alpine habitats is predicted (Chen et al. 2011). Results from a standardized moni-

toring network of 60 sites on European mountain summits support these inferences:

Pauli et al. (2012) reported that between 2001 and 2008, species moved upslope on

average, and Gottfried et al. (2012) presented evidence for a decline in cold-adapted

species and an increase in warm-adapted species at mountain summits.

Most studies, however, have focused on species- and community-level effects of

climate warming, and few studies have examined intraspecific diversity (Pauls

et al. 2013). Because taxonomically recognized morphospecies are often not evo-

lutionarily or ecologically relevant units (Bálint et al. 2011), morphospecies-based

approaches may seriously underestimate the effects of climate warming on biodi-

versity. Therefore, accurate assessment of such effects requires identification of

cryptic intraspecific differentiation (Bálint et al. 2011; Pauls et al. 2013).

In mountain ranges, steep environmental clines along altitude can strongly

influence adaptive traits and, potentially, lead to adaptive diversification within a

narrow geographic range (Byars et al. 2007; Milá et al. 2009). This adaptive

diversification may in turn lead to genetic differentiation, especially when adapta-

tion of the reproductive organs is involved. Thus, mountain ecosystems are ideal for

exploring adaptive and genetic differentiation over short distances. For a full

understanding of mountain biodiversity and how to conserve it in the face of

climate change, elucidation of altitudinal differentiation between populations living

at higher and lower elevations is essential.

In this chapter, we examine to what extent plants genetically and ecologically

differentiate along altitude and how altitudinal changes in pollinator assemblages

affect adaptive differentiation of the floral traits of plants. We first present a

literature overview, and then we examine the details in some case studies. We

then propose a framework for the conservation of mountain plants. Our literature

survey, presented in Sect. 4.2, shows that, despite numerous investigations of

altitudinal patterns of species and genetic diversity, few clear-cut examples of

altitudinal genetic differentiation of neutral markers in plants have been identified.

However, numerous studies have reported adaptive phenotypic divergence along

altitude, and recently, some pioneering eco-genomic studies have examined the

genetic background of such altitudinal adaptive diversification. In Sect, 4.3, we

introduce three case studies of cryptic genetic and ecological differentiation of

mountain herbaceous plant species that inhabit a wide altitudinal range in the

mountains of central Japan. The cases of Campanula punctata var. hondoensis
(case 1) and Prunella vulgaris (case 2) show that the floral size of these species

differs among populations along altitude, and they are locally adapted to

altitudinally variable pollinators of different size. The third case study demonstrates
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that in central Japan, Cimicifuga simplex comprises at least three genetically

differentiated ecotypes that are distributed parapatrically or allopatrically along

altitudinal gradients.

4.2 Global Pattern of Biodiversity Along Altitudinal

Gradients

4.2.1 Altitudinal Gradients in Ecological Research

Altitudinal gradients in biodiversity are nearly as ubiquitous as latitudinal gradi-

ents, and they have some characteristics that make them, perhaps, more suitable for

uncovering the causes underlying the ecological and evolutionary responses of

biota to such gradients (K€orner 2007). First, changes in ecological phenomena

occur over a shorter distance along an altitudinal gradient than along a latitudinal

gradient, because temperature often decreases rapidly, by as much as 5.5–6.5 �C per

1000 m, with increasing altitude. In contrast, a comparable temperature decline

occurs over ~1000 km of latitude (Jump et al. 2009). Thus, field data can be

collected more readily along altitudinal gradients than along latitudinal gradients

simply because the spatial extent of an altitudinal gradient is small compared to that

of a latitudinal gradient. Second, it is possible to study many replicates of altitudinal

diversity gradients, because each mountain or mountain range is a potential repli-

cate, and to thereby assess the generality of the causes underlying the responses of

biota. Third, manipulative experiments such as reciprocal transplants along altitu-

dinal gradients can test theories of evolutionary adaptation over short distances.

Environmental factors are either physically linked to altitude, such as land area

and climatic variables such as temperature, atmospheric pressure, and UV radia-

tion, or they are correlated with altitude, such as vegetation zones and land use

(K€orner 2003, 2007). Thus, a suite of environmental gradients accompanies

changes in altitude. By exploring an organism’s response to this suite of

co-varying factors, ecological researchers have investigated the underlying causes

of biodiversity. In this section, we present a literature review of patterns of plant

biodiversity along altitude at the species and gene level.

4.2.2 Species Diversity Along Altitudinal Gradients

Altitudinal trends in species biodiversity are generally thought to mirror latitudinal

trends, with biodiversity decreasing both at higher altitudes and higher latitudes.

Consistent with this assumption, some studies have found a decreasing trend in

plant species richness with altitude and have attributed this plant diversity trend to

corresponding gradients in climate and primary productivity (Kitayama 1992;
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Odland and Birks 1999; Grytnes and Vetaas 2002; Grytnes 2003). However,

species biodiversity does not always show a decreasing trend with altitude. Rahbek

(1995) reviewed biodiversity patterns in relation to altitude and showed that the

prevailing pattern is for species richness to peak at an intermediate altitude. The

occurrence of peak diversity at intermediate altitudes has since been reported across

a wide range of taxa (Rowe 2009; Wang et al. 2009; reviewed in Sanders and

Rahbek 2012). Notably, in alpine regions, either diversity decreases along altitudi-

nal gradients or the diversity gradient has a humped shape, with peak diversity at

intermediate altitude (Rahbek 1995; Grytnes 2003; Nogues-Bravo et al. 2008). In

addition, anthropogenic factors such as grazing can disturb natural altitudinal

diversity patterns (Speed et al. 2013).

The occurrence of a humped relationship between species richness and altitude

is presumably attributable to complex factors such as climate and productivity,

geographic constraints on the ranges of species, the disturbance history of the

landscape, and the evolutionary history of the species (Grytnes and Vetaas 2002).

In addition, altitudinal gradients in the phylogenetic structure of communities can

reflect the interplay of biotic and abiotic constraints on diversity (Machac

et al. 2011). For example, Shrestha et al. (2014) reported significant phylogenetic

clustering of flowering plant communities along an altitudinal gradient with phy-

logenetically related species showing more variety in flower color than predicted by

the null evolution model. Evolutionary history may also influence the mix of

species that contributes to the diversity and structure of biotic communities

(Webb et al. 2002).

4.2.3 Altitudinal Patterns of Genetic Diversity

The causes underlying intraspecific genetic diversity can also be explored along

altitudinal gradients. A steep, continuous, altitudinal gradient can maximize both

environmental differences and the potential for gene flow, thus providing opportu-

nities for studying the relative effects of gene flow and natural selection on spatial

patterns of genetic variation in populations. Altitudinal gradients have already been

used by evolutionary biologists to obtain evidence for population differentiation in

response to environmental change (Clausen et al. 1940; Meinzer et al. 1985;

Gurevitch 1988; Galen et al. 1991). The application of molecular markers to the

measurement of genetic variation has revealed extremely complex distributional

patterns of genetic variation within and among populations along altitudinal gradi-

ents that are highly variable among species (Herrera and Bazaga 2008; Byars

et al. 2009; Hahn et al. 2012).

After reviewing published studies of 48 plant species, Ohsawa and Ide (2008)

reported that genetic variation along altitudinal gradients on mountains is generally

categorized and explained as follows. First, intermediate-altitude populations

sometimes have higher levels of genetic variation than either low- or high-altitude

populations because, in accordance with the central–marginal hypothesis (Eckert
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et al. 2008), habitats at intermediate altitude are optimal. Low- and high-altitude

populations tend to occur near the outer boundaries of a species’ range, where
limitations on gene flow, population size, and founder effects all promote genetic

drift, thereby reducing genetic variation and increasing differentiation among

populations. Second, low-altitude populations may have the highest level of genetic

diversity, which decreases with altitude probably because optimal low-altitude

habitats and founder effect through upward expansion occur. Third, the highest

genetic diversity may occur at high altitudes because of decreased human distur-

bance, a historical downward range shift due to climate change, or adaptation.

Lastly, genetic variation is sometimes largely constant along a given altitudinal

gradient because of extensive gene flow between populations.

Overall, variations in the genetic drift–gene flow balance along altitudinal

gradients are expected to result in altitudinal variations in the genetic structures

and diversity of populations. However, other factors potentially influence the

genetic diversity of populations on mountains. First, biogeographic history affects

the genetic diversity of populations. At a large spatial scale in Europe, the genetic

structure of populations of mountainous species mainly reflects historical factors

such as the locations of glacial refugia and subsequent recolonization during

postglacial expansion (Hewitt 2000; Petit et al. 2003). For example, genetic diver-

sity of high-mountain plants in the Alps and the Carpathians does not reflect

altitude, and it differs between these two mountain systems because of their

divergent phylogeographic history (Thiel-Egenter et al. 2009). In contrast to

Europe, where continental glaciation occurred during the Quaternary, far eastern

Asia, including the Japanese archipelago, was not covered by a continuous ice sheet

during the Pleistocene (Frenzel 1968; Svendsen et al. 2004), and several studies

have documented the resulting distinctive biogeographic history (Fujii and Senni

2006; Ohsawa and Ide 2011; Hirao et al. 2015). Life history traits have also long

been hypothesized to influence genetic diversity (Hamrick and Godt 1989; Nybom

and Bartish 2000), and significant changes in life history traits such as the breeding

system, the pollen and seed dispersal mode, and successional status along altitude

have the potential to influence the genetic diversity of populations. For example, it

has been suggested that the presence of fewer and less active pollinators at high

compared with low altitude (Arroyo et al. 1985; Bingham and Orthner 1998; Malo

and Baonza 2002) leads to clonality and selfing in plants at high altitude

(Jacquemyn et al. 2005 but see also Wirth et al. 2010). Because inbreeding is

well known to reduce genetic diversity, these life history trait changes might cause

plant species to experience a decrease in genetic diversity along altitudinal gradi-

ents. The processes underlying these patterns can be either neutral, such as genetic

drift and bottleneck effects due to demographic history, or selective, if they are

caused by environmental clines related to altitude changes.
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4.2.4 Altitudinal Genetic Differentiation of Neutral Markers

Numerous studies of mountain plants have found significant genetic differentiation

and structuring among plant populations along altitudinal gradients (Ohsawa and

Ide 2008; Byars et al. 2009; Shi et al. 2011). However, studies attempting to

quantify the degree of genetic differentiation along altitude are relatively scarce.

To consider differential patterns of population genetic structures along altitudinal

gradients, we reviewed published studies that investigated altitudinal differentia-

tion of neutral molecular markers. In all, we found 25 papers that examined a total

of 26 species (Table 4.1), but few of these studies demonstrated clear-cut altitudinal

genetic differentiation in plant populations. In most cases, the genetic variance

component explained by altitudinal differences was subtle or weak, ranging from

none to 10 % with a mean of 3.1 %. This result is somewhat counterintuitive,

because one would expect many mountainous species to exhibit phenological

differences along altitudinal gradients (Dittmar and Elling 2006; Ziello

et al. 2009). For example, altitudinal differences in the timing of flowering should

promote reproductive isolation and, thus, genetic differentiation along altitude.

Gene flow across altitudinal gradients hindering complete reproductive isolation

among populations inhabiting different altitudes might, however, explain the

reported subtle or weak altitudinal differentiation (e.g., Hahn et al. 2012). In fact,

Matter et al. (2013) demonstrated that contemporary pollen-mediated gene flow

between populations occurs in two herb species across an altitudinal gradient.

Similarly, effective gene flow across an altitudinal gradient has been shown to

explain the high levels of genetic diversity found in the alpine species Campanula
rotundifolia (Bingham and Ranker 2000) and Arabis serrata (Okuyama et al. 2012).

In mountain regions, levels of gene flow between populations appear to be highly

variable. In some species, restricted gene flow (Nem<1, where Ne is population size

and m is the fraction of migrants) has been detected between altitudinal populations

(Barbara et al. 2007), whereas in other species a moderate level of gene flow (Nem
� ~1) has been found (e.g., Byars et al. 2009). A paternity analysis of Arabis alpina
in an alpine landscape revealed that several long-distance (�1 km) pollen flow

events had occurred (Buehler et al. 2012). Garcia-Fernandez et al. (2012) also

reported a substantial level of gene flow within altitudinal gradients and suggested

that seed and, especially, pollen dispersal is more likely to occur between

populations along an altitudinal gradient on the same mountain than between

populations located at the same altitude on different mountains, although occa-

sional horizontal movement cannot be ruled out. Overall, these results indicate that

several populations distributed across altitudinal gradients on a mountain or in a

mountain range can form a metapopulation with a single genetic structure.

Sexton et al. (2014) have proposed that gene flow follows one of three patterns

with respect to spatial and environmental gradients. Gene flow may be higher

between geographically close populations, between populations in similar environ-

ments, or between populations in dissimilar environments (counter-gradient flow).

If the gene flow rate is higher among populations at similar altitudes rather than
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among those at dissimilar altitudes, altitudinal adaptation might be promoted by the

spread of favorable alleles (Byars et al. 2009). In contrast, a prevailing counter-

gradient gene flow across altitude might limit adaptation because gene swapping

would prevent the maintenance of locally adapted individuals (Matter et al. 2013).

Despite the large amount of literature on spatial genetic variation in mountainous

species, we know little about actual patterns of gene flow with respect to altitudinal

gradients. Therefore, the question remains: Which is more common – isolation by

elevation or counter-gradient gene flow across altitude?

4.2.5 Differentiations in Adaptive Traits and Non-neutral
Genes Along Altitudinal Gradients

Natural selective pressures along an altitudinal gradient can also affect genetic

variation in mountain plants. Since the classic studies of Clausen and his colleagues

(Clausen et al. 1940; Clausen 1951), who established field experimental approaches

to detect genetic differentiation in phenotypic traits and used common garden plants

and reciprocal transplantation experiments to detect local adaptation, substantial

evidence for adaptive genetic variation in plants along altitudinal gradients has

accumulated. Intraspecific adaptation across altitudinal gradients has been reported

in various plants, from woody conifers (Conkle 1973; Kitzmiller 2005; Ishizuka

and Goto 2012) to herbs and grasses (Galen et al. 1991; Byars et al. 2007; Gonzalo-

Turpin and Hazard 2009; Kenta et al. 2011). In addition, Gonzalo-Turpin and

Hazard (2009) combined a field experimental study with a molecular approach to

show that local adaptation can occur along altitude even in the presence of gene

flow as estimated by neutral markers. In general, behavioral trends of neutral and

adaptive genes differ both within and among populations because natural selection

can contribute in various ways to heterogeneous genomic divergence. Genome

scans have shown that usually only a small proportion of scored loci, generally

5–10 %, consists of outliers that might be linked to genes implicated in the adaptive

divergence (reviewed by Nosil et al. 2009), and some empirical studies have

reported that only a few loci show non-neutral behavior associated with altitude

that might drive natural selection (Jump et al. 2006; Shi et al. 2011; Manel

et al. 2012). These studies observed very strong allele frequency differences

along altitudinal gradients. However, very little is known about the locations and

functions of specific genes involved in altitudinal adaptation (a notable exception is

the albumin gene in deer mice; Stortz and Nachman 2003). The outlier genes

mentioned above are appropriate targets for future investigations of linked func-

tional genes, which can now be carried out by using high-throughput sequencing

technology.
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4.3 Case Studies: Altitudinal Trait Differentiation in Three

Plant Species

4.3.1 Altitudinal Floral Adaptation to Local Pollinator
Assemblages

Ever since the seminal work of Clausen et al. (1940) in the Rocky Mountains, plants

have been known to be physiologically and ecologically differentiated along

altitudinal gradients (Byars et al. 2007; Angert 2009; Montesinos-Navarro

et al. 2011). Typically, altitudinal changes in abiotic environments (e.g., meteoro-

logical changes) often cause the decrease in overall plant size with increasing

elevation (K€orner 2003; Hautier et al. 2009), but altitudinal changes in biotic

interactions can also influence plant traits (Dohzono and Suzuki 2010). Studies

exploring plant trait variations caused by such biotic interactions are scarce,

however, though there are some exceptions (Galen 1985, 1989; Malo and Baonza

2002; Dohzono and Suzuki 2010; Sun et al. 2014). Because the modification of

floral traits can easily lead to reproductive isolation and genetic differentiation in

plants, studies of floral trait variations along altitude are particularly important for

gaining understanding of altitudinal plant differentiation.

In angiosperms, selective pressure imposed by pollinators has played an impor-

tant role in floral evolution (Stebbins 1970; Harder and Johnson 2009). Therefore, if

pollinator assemblages differ among populations, local adaptations of floral traits

may also be observed. In fact, floral traits have been shown to change geographi-

cally in relation to differences in pollinator assemblages (Galen 1996; G�omez

et al. 2009; Nattero et al. 2010; Hattori et al. 2015; see Herrera et al. 2006 for a

review), and this ecological differentiation of floral traits can potentially lead to

genetic divergence among populations that become isolated as a result of special-

ization to specific pollinators (Nosil 2012).

Bumblebees are the dominant pollinators in the sub-alpine zone of Japanese

mountains, and their species composition is known to change along altitude

(Tomono and Sota 1997). Because a small bumblebee, Bombus beaticola, is

strongly dominant above 1700 m a.s.l. in central Japan, bumblebee-pollinated

plants at high altitude should have relatively smaller flowers than those growing

at lower elevations, which are pollinated by larger bumblebee species. In the

following sections, we describe two bumblebee-pollinated herbaceous species

that show changes in floral size along an altitudinal gradient: Campanula punctata
var. hondoensis and Prunella vulgaris.

4.3.1.1 Campanula punctata

Campanula punctata var. hondoensis (Campanulaceae) grows across a wide alti-

tudinal range (0–2300 m a.s.l.) in central Japan. Nagano et al. (2014) studied

altitudinal changes in floral size and pollinator assemblages of 12 populations
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situated at elevations from 744 to 2269 m a.s.l. in three mountain ranges and

examined the affect of the flower–pollinator size match on plant fitness.

In Campanula flowers (Fig. 4.1), pollen grains are not transferred directly from

the anthers to the pollinator; rather, pollen grains are shed onto the style while it is

Fig. 4.1 Male-phase

Campanula punctata flower

and a visiting bumblebee. In

this phase, the pollen grains

adhere to the lateral surface

of the style. Several days

later, in the female phase,

the tip of the style unfolds

and the stigmatic lobes

appear. The match between

floral style length and

pollinator mouthpart length

is important for plant male

fitness (i.e., removal of

pollen during a bee’s visit).
See text for details (After

Nagano et al. 2014)

74 T. Itino and A.S. Hirao



still tightly surrounded by the anthers in the young bud. By the time the flower

opens, the stamens have shriveled and the pollen adhering to the style is ready for

transfer to visiting pollinators as they crawl into the corolla (male phase; Fig. 4.1).

The stigma does not become receptive (female phase) until about 2 days after the

flower opens.

The size match between flowers and bumblebees affects the male fitness of the

plants but not their female fitness. Among different size-match indices investigated,

only the ratio of the pollinator’s mouthpart length (PL) to the floral style length

(SL) (PL:SL; see Fig. 4.1) affected plant male fitness (defined as pollen removal

from the flower style onto bees). While the bee is collecting nectar, pollen grains

stick to the dorsal surface of its thorax. Thus, the PL:SL ratio determines the

position of the bee’s thorax on the style while the bee is collecting nectar. Because

most grains adhere to the middle part of the style (about one-third of the distance

from the tip), the optimal PL:SL should be around 2:3. Nagano and his colleagues in

fact found that when the PL:SL ratio is larger or smaller than this value, pollen

removal by the bumblebees is decreased. These results suggest that a large floral

size should be selected for in locations (at altitudes) where larger bumblebee

species are dominant.

Nagano et al. (2014) also investigated the visitation frequency of bumblebee

species to C. punctata flowers in the peak flowering season at sites at different

elevations (Fig. 4.2, top) and calculated the average pollinator mouthpart length at

each site from the relative abundance and average mouthpart length of each

bumblebee species (Fig. 4.2, middle). They then examined whether bee size

corresponded to floral size at different geographic locations (altitudes).

At high-altitude sites, where the small bumble bee B. beaticola was dominant

(Fig. 4.2, top), the average pollinator mouthpart length was relatively short

(Fig. 4.2, middle) and the style length of C. punctata also tended to be short

(Fig. 4.2, bottom). However, bee and floral size did not simply decrease with

elevation; rather, they changed in parallel although there is an exceptional site

(circled by a dotted line in Fig. 4.2). Thus, floral size was large at a middle elevation

site where the largest bumblebee species, B. consobrinus, was dominant (circled by

a solid line in Fig. 4.2). By using generalized linear mixed models, Nagano

et al. (2014) were able to show that the floral style length significantly correlated

only with pollinator mouthpart length (P< 0.05); it did not correlate with altitude

(P¼ 0.40) or with the number of flowers per plant (an index of plant size, P¼ 0.38).

4.3.1.2 Prunella vulgaris

Prunella vulgaris (Labiatae) is a perennial plant that grows in sunny mountain

meadows of the temperate zone throughout the Northern Hemisphere. In central

Japan, it blooms from June to August and is pollinated by bumblebees (Fig. 4.3).

Kuriya et al. (2015) investigated geographical variations in the floral size of

P. vulgaris and variations in the pollinator assemblage among seven P. vulgaris
populations in the northern Japanese Alps, central Japan (1150–2050 m a.s.l.).
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Fig. 4.2 Top: Altitudinal
change in assemblages of

C. punctata pollinators

(bumblebee). Bb
B. beaticola workers and

males, Ba B. ardens males,

Bh B. honshuensis workers,
Bu B. ussuriensis workers,
Bd B. diversus workers, Bc
B. consobrinus workers. In
the figure key, mouthpart

length is used as the index

of bumble bee body size.

The altitude of each

population (m a.s.l.) is also

indicated. Three

populations were surveyed

in 2 years. The largest

bumblebee, B. consobrinus
(worker), was the main

visitor to the population

encircled by the solid line.

In the populations encircled

by the dashed line, there

was a mismatch between

floral size and bumblebee

size. Middle: Altitudinal
variation of the average

mouthpart length (see

Fig. 4.1) of the pollinators

of the 12 populations. Each

diamond represents a

population year. Bottom:
Altitudinal variation (mean

� SE) of floral style length

(see Fig. 4.1) (After Nagano

et al. 2014)
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The flowers of P. vulgaris are tubular with an upper hooded lip and a lower

fringed lip, and the anthers and stigma lie along the top lip (Fig. 4.3). When a

bumblebee visits a flower, the top of its head will touch the anthers and stigma if its

proboscis is similar in length to the tubular corolla (Fig. 4.3, bottom). If a smaller

bumblebee visits the same flower, however, it must crawl into the corolla to reach

the nectar, and the dorsal side of its thorax will touch the anthers and stigma

(Fig. 4.3, top). In either case, the pollen seems to be successfully transferred.

Therefore, the bee–flower size match would not appear to be as important for

plant fitness as it is in the case of C. punctata. Nevertheless, Kuriya et al. (2015)

found that pollen removal by bees (an estimate of male fitness) and pollen deposi-

tion from a bee onto the stigma (female fitness) were both strongly affected by the

bee–flower size match (P< 0.001, generalized linear model). Plant fitness was

maximized when the length of the corolla tube was a little bit shorter than the

Fig. 4.3 A Prunella
vulgaris flower and a

visiting bumblebee. The

anthers and stigma of

P. vulgaris are at the top of

the corolla tube (After

Kuriya et al. 2015)
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length of the bee’s proboscis, that is, when the bee’s thorax could just touch the

anthers and stigma.

Kuriya and her colleagues also found that the primary visitor to high-altitude

P. vulgaris populations was the small bumblebee B. beaticola, whereas the dom-

inant pollinators at low-altitude sites were the medium-to-large bumblebees

B. diversus and B. ussuriensis (Fig. 4.4, top). Overall, the proboscis length of the

bees decreased along the altitudinal gradient (Fig. 4.4, middle), as was also the case

with C. punctata pollinators (Fig. 4.2, middle).

Just as in C. punctata the style length tended to be shorter at higher elevations

(Fig. 4.2, bottom), in P. vulgaris the corolla tube tended to be shorter at higher

elevations (Fig. 4.4, bottom). One flower population at high elevation, however, had

long corolla tubes (Fig. 4.4, bottom), and the large bumblebee B. consobrinus was
the dominant visitor to this P. vulgaris population (Fig. 4.4, top). Kuriya and her

colleagues showed by a generalized linear model that the corolla tube length of each

population was significantly correlated only with bee proboscis length (P< 0.001)

and not with inflorescence length (P¼ 0.74) or altitude (P¼ 0.44).

4.3.1.3 Synthesis

The local floral size of both C. punctata and P. vulgaris correlated only with the

local pollinator size. At least two possible mechanisms might account for this

correlation: (1) an adaptive floral size may be selected for by the local bee size

(bees-came-first hypothesis), or (2) local floral size may vary because of unknown

(climatic or edaphic) factors and each bumblebee species preferentially visits the

right-sized flowers (flowers-came-first hypothesis).

If the flowers-came-first hypothesis is correct, then the larger bees such as

B. diversus should prefer larger C. punctata (P. vulgaris) flowers and smaller

bees such as B. beaticola should prefer smaller flowers in the same C. punctata
(P. vulgaris) population. However, Nagano et al. (2014) detected no floral size

preference of B. diversus or B. beaticola in populations of C. punctata visited by the
both bumblebee species. This result suggests that the floral size of C. punctata does
not influence the flower visitor assemblage of C. punctata. In addition, as described
in Sects 4.3.1.1 and 4.3.1.2, in each population of C. punctata and P. vulgaris, floral
size correlated only with the pollinator mouthpart length and not with altitude,

number of flowers per plant, or inflorescence length. This finding suggests that

floral size is not influenced by climatic or edaphic factors but by bee size. Further,

plant fitness was maximized when floral size was matched to bee size, which

suggests adaptive local floral evolution. These results strongly suggest that varia-

tion in local bee assemblages along altitude is exerting selective pressure on the

floral size of C. punctata and P. vulgaris.
The altitudinal variation of bumblebee assemblages (Figs. 4.2 and 4.4, top)

found in these two case studies generally reflects their altitudinal distribution in

central Japan (Tomono and Sota 1997), whereas variation detected within the same
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Fig. 4.4 Top: Altitudinal
change in assemblages of

P. vulgaris pollinators. The
abbreviations of the

bumblebee species are the

same as in Fig. 4.2. The

largest bumblebee,

B. consobrinus (worker),
was the main visitor to the

population encircled by a

solid line. Middle:
Altitudinal variations of the

average proboscis length

(see Fig. 4.3) of the

pollinators of the seven

populations. Each diamond

represents a population

year. Bottom: Altitudinal
variation (mean � SE) of

floral corolla length (see

Fig. 4.3) (After Kuriya

et al. 2015)
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altitudinal range (Figs. 4.2 and 4.4, top) may reflect the influence of bumblebee nest

location, which depends on the distribution of floral resources during the nest-

initiating period of bumblebee queens (Suzuki et al. 2007, 2009). The correlation of

pollinator (bumblebee) assemblages and floral traits of these two plant species

along altitude suggests that the floral traits of other bumblebee-pollinated plants

might also be influenced by local bumblebee assemblages along altitude. Future

studies, therefore, should focus not on a single plant species but on multiple

sympatric species to elucidate how local pollinator assemblages influence the

formation of concerted floral trait evolution along altitude (Hattori et al. 2014,

2015).

4.3.2 Cimicifuga simplex: Ecological and Genetic
Differentiation Along Altitude

Cimicifuga simplex (Ranunculaceae) is a perennial herb widely distributed in East

and Northeast Asia. In Japan, it grows from sea level to over 3000 m (Pellmyr

1986). Pellmyr (1986) grouped Japanese C. simplex into three pollination morphs

based on their pollinator guilds and other traits. Around Nikko in central Honshu,

morph I occurs at altitudes over 1300 m and typically reaches 1.5–2.5 m in height

(Pellmyr 1986). Morph II occurs at or below 950 m and is as tall as morph I. Morph

III, which grows in very dark, moist habitats within and below the altitudinal range

of morph II, is less than 1.0 m tall. Morphs I and III are pollinated by bumblebees

(Hymenoptera, Apidae), whereas morph II is frequently visited by fritillary butter-

flies (Fig. 4.5; Lepidoptera, Nymphalidae). Morph II is distinguishable from

morphs I and III by its floral fragrance (Pellmyr 1986; Groth et al. 1987), whereas

morph III can be distinguished from the other two morphs by its lower plant height

and later flowering season.

Working independently of Pellmyr (1986), Yamaji et al. (2005) divided

C. simplex into seven genotypes based on polymorphism of ITS sequences of

nuclear ribosomal DNA. Whether any of these genotypes correspond to the polli-

nation morphs of Pellmyr (1986) has not yet been investigated. However, because

the three pollination morphs of Pellmyr (1986) are distributed parapatrically or

allopatrically along altitude and have clearly different morphological and

Table 4.2 Floral characters of the three pollination morphs of Cimicifuga simplex (after Kuzume

and Itino 2013)

Pollination

morph

Floral

fragrance

Flowering

period

Major flower

visitors

Altitudinal distribution

(m, a.s.l)

I Not sweet August–

September

Bumblebees 1500–2400

II Sweet September Butterflies 1100–1500

III Not sweet September–

October

Flies and

syrphids

800–1000
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ecological traits, it is reasonable to hypothesize that they are genetically differen-

tiated as well.

Accordingly, Kuzume and Itino (2013) surveyed the altitudinal distribution of

the three pollination morphs of C. simplex in 16 populations along an altitudinal

gradient (800–2400 m) in the northern Japanese Alps and in the Utsukushigahara

highlands of central Japan, determined the genotypes and compared the morpho-

logical traits of the three morphs. In these two regions, which are about 50 km apart,

the altitudinal distributions of the pollination morphs were basically the same, and

they also were in accord with Pellmyr’s (1986) description (Table 4.2). Morphs I, II,

and III were found at high, medium, and low elevations, respectively, although the

different morphs sometimes coexisted in the same population in the

Utsukushigahara highlands (Fig. 4.6). In these mixed populations, individuals

with intermediate morphological characteristics suggesting hybridization were

not observed, indicating that the morphs are probably reproductively isolated.

Kuzume and Itino (2013) determined the ITS sequences of the three pollination

morphs and found that, without exception, morphs I, II, and III corresponded to

three of the seven ITS genotypes described by Yamaji et al. (2005); they did not

detect the other four genotypes. In accordance with the genetic differentiation of the

pollination morphs, they also found that the degree of pubescence of the leaf margin

was a diagnostic external character that could be used to discriminate pollination

morph II from morphs I and III.

Thus, in central Japan, the C. simplex populations are composed of at least three

genetically differentiated ecotypes, which are distributed parapatrically or allopat-

rically along an altitudinal gradient.

Fig. 4.5 Fritillary

butterflies (Lepidoptera,

Nymphalidae) visiting a

Cimicifuga simplex plant
(pollination morph II)
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4.4 Concluding Remarks: Conserving Intraspecific

Variation Along Altitudes

Steep altitudinal environmental changes cause remarkable clinal changes in species

composition and species diversity. Although possible effects of climate warming on

diversity at the species or community level along an altitudinal (or latitudinal)

gradient have attracted considerable attention recently (Sanders and Rahbek 2012),

those on intraspecific diversity have attracted less attention (Pauls et al. 2013).

Studies of intraspecific diversity have mainly investigated altitudinal patterns of

genetic diversity, and few examples of neutral genetic differentiation along altitude

have been identified (Table 4.1). Rather, the prevailing counter-gradient gene flow

appears to hinder altitudinal differentiation of neutral genes.

In contrast, a substantial number of studies have shown that, regardless of the

frequency of gene flow, altitudinal differences in selective pressure cause adaptive

differentiation of physiological, morphological, or life history traits along altitude

(Kenta et al. 2011; Ishizuka and Goto 2012 and references therein). Our survey of

the literature suggests that intraspecific differentiation of neutral genes is relatively

uncommon whereas that of adaptive traits is more common. In either case, for

effective conservation management of mountain plants, it is important to elucidate

the degree and intensity of intraspecific differentiation along altitude.

The three case studies on genetic (C. simplex) and phenotypic (C. punctata and

P. vulgaris) differentiations along altitudes suggest that recognized taxonomic

species are often composed of several different evolutionary or ecological units,

thus providing new insight into our understanding of biodiversity in mountain

ecosystems. From the viewpoint of conservation, the intraspecific diversification

documented here broadens the scope of our understanding of the threat posed by

climate warming to mountain biodiversity. Previous investigations focused on the

potential loss of species- and community-level diversity (Gottfried et al. 2012; Pauli

et al. 2012), whereas here we have shown that climate warming may lead to a loss of

intraspecific diversity. Because the distribution range of intraspecifically differen-

tiated types (e.g., the high-altitude morph of C. simplex) along altitude is typically

narrower than that of recognized taxonomic species, populations are more likely to

Fig. 4.6 Altitudinal

distribution of the three

pollination morphs of

Cimicifuga simplex in the

northern Japanese Alps and

the Utsukushigahara

highlands of central Japan
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be extirpated, or, in the worst case, the type may become extinct in the face of

climate warming and the resultant range shift. In addition, intraspecific types are

more likely to lose genetic variation because they are relatively less abundant than

the species as a whole; thus, their ability to adapt is limited.

The altitudinal phenotypic variations in C. punctata and P. vulgaris suggest that
inter-altitudinal gene flow occurs and sharply defined ecotypes are thus absent.

However, the observed ecological variation along altitude in these species still has

important implications for their conservation. For example, if the small bumblebee,

B. beaticola, were to become extinct because of climate warming, the adaptive

floral variation (small-sized flower) of the high-altitude plant variants that are

specially adapted to this bee species would be lost, and the type would become

extirpated.

To ensure the conservation of mountain plants in the face of future climate

warming, it is first necessary to clarify to what extent such plants are genetically and

ecologically differentiated along altitude. Then, further studies should identify

intraspecific types or variants and their predicted range shift (Chen et al. 2011),

adaptive potential (Till-Bottraud and Gaudeul 2002; Byars et al. 2007; Hoffmann

and Sgrò 2011), and plastic phenotypic changes in response to climate change

(Canale and Henry 2010). The results of these studies could then be used to develop

a framework for the conservation of intraspecifically and altitudinally variable

mountain plant species.
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Chapter 5

Vegetation Zonation and Conifer Dominance

Along Latitudinal and Altitudinal Gradients

in Humid Regions of the Western Pacific

Shin-ichiro Aiba

Abstract In humid regions of the western Pacific, conifers and deciduous broad-

leaf trees dominate in colder climate while evergreen broadleaf trees dominate in

warmer climate. There are two geographically discontinuous forest zones of

conifer-dominated forests, i.e., boreal zone and temperate-to-tropical zone.

Between them, there is a deciduous broadleaf forest zone with warm summer and

cold winter (Kira’s warmth index, WI from 45 to 85 �C, and coldness index, CI

<�15 �C). Boreal conifer forest is characterized by continental climate with short

summer and cold winter (WI <45 �C and CI <�15 �C), whereas temperate-to-

tropical conifer-dominated forests in both hemispheres are characterized by oce-

anic, moderate climate lacking severe winter (WI <144 �C and CI >�15 �C).
Boreal conifer forests are distributed at high latitudes or altitudes in Japan (“sub-

arctic or subalpine forest”). Temperate conifer forests occur in a narrow belt on the

Pacific Ocean side in Japan and are more extensive and distributed to warmer

climate at high altitudes in Taiwan and in temperate zone of New Zealand, where

they are called “conifer-broadleaf” forests. These temperate conifer (or mixed)

forests grade into tropical conifer forests at high altitudes in Southeast Asia and

New Guinea. Thus, these forests may be collectively called “temperate-to-tropical

conifer-mixed forests” in contrast to boreal conifer forest. It appears that relatively

cool summer (or year-round low temperature on tropical mountains) limits the

growth of evergreen broadleaf trees, while mild winter (or the absence of winter

on tropical mountains) gives the competitive advantage to conifers over deciduous

broadleaf trees, leading to conifer dominance in the temperate-to-tropical conifer-

mixed forests.
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5.1 Introduction

The east and southeast coastal regions of the Asian continent are a unique place on

earth in that humid climate continues from equator to high latitudes without being

interrupted by dry climate (Kira 1991; Ohsawa 1993, 1995). Similarly, humid

regions with annual rainfall >1000 mm are more or less continuously distributed

from New Guinea through the east coast of Australia to Tasmania and New Zealand

(Wardle 1991; Adam 1992). Moreover, all these regions except northeast Australia

have high mountains >2000 m elevation, culminating in the glacier-shouldered

summits (up to 4884 m on Puncak Jaya) on New Guinea. Thus, in the western

Pacific regions, one can observe how humid vegetation changes across latitudes in

both hemispheres and also across altitudes. However, no study has yet been done to

summarize the vegetation zonation along latitudinal and altitudinal gradients in the

western Pacific including both hemispheres.

Troll (1948) published a diagram depicting vegetation zonation at global scale

along both latitudinal and altitudinal gradients to demonstrate “asymmetric vege-

tation structure” between Northern and Southern Hemispheres. His diagram amal-

gamates the data from various regions (e.g., tropical zonation primarily from the

Andes and northern temperate zonation from Europe) and may not be necessarily

applicable to the western Pacific. Ohsawa (1990, 1993, 1995) developed a vegeta-

tion template for southern and eastern Asia incorporating both latitudinal and

altitudinal gradients, yet he has not extended it to the Southern Hemisphere

temperate regions. His template also suffers from combining the data of the

Himalayas and coastal Asia at the middle latitudes of 20–30�N, obscuring the

pattern in the western Pacific. Dodson et al. (2004) and Hope et al. (2004) presented

vegetation maps for the western Pacific including both hemispheres, while they lack

the consideration of altitudinal gradient, and the latter was one reconstructed for the

last glacial maximum. Here, a new classification system of vegetation zonation

along both latitudinal and altitudinal gradients is proposed for the western Pacific

regions including both hemispheres.

There are three approaches for the classification of vegetation: ecological,

physiognomic, and floristic (Collinson 1988). Ecological and physiognomic

approaches are interrelated because vegetation physiognomy reflects underlying

ecological factors, and the combination of these approaches is usually employed to

define vegetation zones at the global scale (e.g., Walter 1985; Archibold 1995). Yet

these two approaches are not entirely compatible. For example, in Archibold’s
system, physiognomically defined conifer forest biome is distributed in the wide

range of climate from boreal to temperate. By contrast, in Walter’s system,

“zonobiome” of the warm-temperate humid climate (Zonobiome V) includes a

range of forest types with different physiognomy (e.g., conifer forest in western

North America, mixed conifer-broadleaf forest in Chile and New Zealand, and

evergreen broadleaf forest in eastern Asia and southeastern Australia; also see

Grubb et al. 2013).
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In line with Walter’s system, this study primarily adopts an ecological approach,

aiming at vegetation classification based on climate. Physiognomic and floristic

aspects are also considered, with particular reference to conifer dominance. Coni-

fers are gymnosperms, evolutionarily more ancient than broadleaf trees (angio-

sperms). With the rise of angiosperms since the Cretaceous, conifers have been

losing their dominance in the vegetation on the earth, probably due to the compe-

tition with angiosperms. At present, globally, conifers are largely restricted to

unproductive habitats at high latitudes and altitudes and on nutrient-poor or dry

soils, where growth of angiosperms is reduced. Bond (1989) hypothesized that this

reflects less efficient transport system (stereotyped leaves with non-reticulate vena-

tion and stems with tracheids) in gymnosperms than in angiosperms. There is a

global trend in the humid vegetation that evergreen broadleaf trees dominate in

warmer climate, conifers dominate in colder climate, and deciduous broadleaf trees

dominate in between. There are many exceptions in individual areas to this global

pattern as suggested by Walter’s Zonobiome V, and the critical climatic factors for

the transition from broadleaf dominance to conifer dominance can be different from

place to place. Fortunately, however, climate fairly well explains the pattern of

conifer dominance in the western Pacific as will be demonstrated in this study. In

particular, this study shows that there are two distinctive zones of conifer-

dominated forest under drastically different climates, i.e., boreal versus temperate-

to-tropical zones.

5.2 Study Areas and Climate Data

The regions considered in this study are Japan, Taiwan, the Philippines, Borneo,

Sumatra, New Guinea, eastern Australia including Tasmania, and New Zealand

(Fig. 5.1). All except northeast Australia and Tasmania have high mountains

>2000 m elevation, facilitating the simultaneous interpretation of latitudinal and

altitudinal vegetation zonation. The monthly mean temperature data (calculated as

mean of monthly mean maximum and minimum temperatures if not available) of

the highest-elevation climatic stations were collected for the following mountains

or islands from the websites of the meteorological agencies of respective countries

or regions (Fig. 5.2; Japan Meteorological Agency, Taiwanese Central Weather

Bureau, and Australian Bureau of Meteorology) except otherwise noted: Taisetsu

Mountains (latitude: 44�N; the elevation of the summit followed by the highest

climate station: 2290 m, 1700 m; G. Kudo, unpublished data), Mount Hayachine

(40�N; 1914 m, 760 m), Mount Fuji (35�N; 3776 m, 3775 m), Aso Mountains

(33�N; 1592 m, 1142 m), Kirishima Mountains (32�N; 1700 m, 1325 m; Kagoshima

Meteorological Station 1958), Yakushima Island (30�N; 1936 m, 1800 m; Eguchi

2009), Mount Yushan (23�N; 3997 m, 3845 m), Mount Kinabalu (6�N; 4095 m,

3940 m; Kudo and Suzuki 2004), Mount Wilhelm (6�S; 4508 m, 3480 m; McAlpine

et al. 1983), Mount Bellenden Ker (17�S; 1582 m, 909 m; the data of the highest

climate station from Herberton), Mount Kosciusko (34�S; 2230 m, 1518 m),
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Tasmania (42�S; 1617 m, 1057 m), and Mount Cook (44�S; 3764 m, 1027 m;

Climate-Charts.com 2007). The monthly mean temperature at given elevation was

estimated for each mountain or island by assuming a linear lapse rate by using the

data of the nearby climate stations at lower elevations. For Japan, only mountains

and islands located in the Pacific Ocean side were selected in order to recognize the

so-called Abies firma-Tsuga sieboldii forest (Yamanaka 1961; Yoshioka 1973;

“hemi temperate subzone” of temperate zone, Hämet-Ahti et al. 1974; “temperate

*

*

*

*

*
*

*

*

*

*

Taisetsu Mts 44 N, 
1700 m, WI 21, CI −92

Mt Hayachine 40 N, 
760 m, WI 58, CI −31

Aso Mts 33 N, 
1142 m, WI 76, CI −13

Mt Yushan 23 N, 
3845 m, WI 12, CI −19

Mt Kinabalu 6 N, 
3940 m, WI 5, CI 0

Mt Wilhelm 6 S, 
3480 m, WI 32, CI 0

Mt Bellenden Ker 17 S,
909 m, WI 179, CI 0

Mt Kosciusko 34 S, 
1518 m, WI 32, CI −17

Mt Cook 44 S, 
1027 m, WI 37, CI −9

*

*
*

Fig. 5.1 A map of the western Pacific regions showing the locations (*) of mountains where

thermal indices were calculated at given altitudes. Seasonal changes in monthly mean temperature

are shown for selected climatic stations; the latitude and altitude of the station, the values of

warmth index (WI), and coldness index (CI) are indicated
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conifer forest” sensu stricto in this study), which is lacking in the Sea of Japan side,
as a distinct forest zone.

5.3 Thermal Indices and Critical Values

for the Demarcation of Vegetation Zones

The following thermal indices were calculated from monthly mean temperature

t (�C) (Fig. 5.2): warmth index (WI), which is defined as Σ(t–5) where the

summation is made for months with t> 5; coldness index (CI), which is defined

as �Σ(5–t) where the summation is made for months with t< 5 (Kira 1949, 1991);

and the monthly mean temperature of the coldest month (TCM). In this study, the

following six critical index values were employed, which had been suggested to

demarcate vegetation zones in East and Southeast Asia.

Fig. 5.2 A diagram showing the general topography (light-colored area with thin outlines) and
the critical values of thermal indices (thick lines) along latitudinal and altitudinal gradients in the

western Pacific. Thermal indices: WI warmth index (solid lines), CI coldness index (broken line),
TCMmonthly mean temperature of the coldest month (dotted line). Note that topographic outlines
of Japan and Taiwan and those of Australia (including Tasmania) and New Zealand are shown

separately. The altitudes of the climatic stations at the highest altitude (�) and treeline (�) on each

mountain are also shown. Asterisks (*) indicate the climatic station, for which the seasonal changes

in monthly mean temperature are shown in Fig. 5.1. The altitude of treeline from Taisetsu Mts,

Okitsu (1999); Mt Fuji, Ohsawa (1990); Yakushima Is, Ohsawa (1993); Mt. Yushan, Su (1984);

Mt. Pulog (17�N) and Mt. Apo (6�N), Buot and Okitsu (1998); Mt. Kinabalu, Kitayama (1992);

Mt. Kerinci, Ohsawa et al. (1985); Mt. Wilhelm, Wade and McVean (1969); Mt. Kosciusko,

Williams and Costin (1994); Tasmania, Kirkpatrick (1982); Mt. Cook (northern South Island),

Wardle (1991)
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1. WI¼ 15 �C corresponds to forest limit (Kira 1949, 1991; Ohsawa 1990), which

is more commonly called “treeline” in recent literature (e.g., K€orner 2012).
2. WI¼ 45 �C corresponds to the lower and southern limit of boreal conifer forest

(Kira 1949, 1991).

3. WI¼ 85 �C corresponds to the lower and southern limit of cool-temperate

deciduous broadleaf forest, in particular Fagus crenata forest in Japan (Kira

1949, 1991). This value is also effective as a critical value for the transition from

tropical montane forest at lower elevations (dominated by evergreen broadleaf

trees) to tropical subalpine forests at higher elevations (dominated by conifers)

on Mount Kinabalu, Borneo (Kitayama 1992).

4. WI¼ 144 �C corresponds to the boundary between warm-temperate and sub-

tropical forests. This is taken from the critical value for the transition from

Castanopsis-Machilus forest at lower altitudes to Quercus forest at higher

altitudes in Taiwan (Su 1984). Kira (1949, 1991) considered WI¼ 180 �C
for the boundary between warm-temperate and subtropical forests; however,

this isotherm corresponds to Watase’s line (Hämet-Ahti et al. 1974) where

biogeography (historical disjunction between Yakushima Island and Ryukyu

Islands) caused drastic species turnover and therefore cannot be considered to

be universally significant (though WI¼ 180 �C seems effective for mainland

China as well, Kira 1949, 1991). Notably, WI¼ 144 �C is close to WI¼ 140 �C,
which corresponds to the boundary of the northern and southern subzones of

warm-temperate evergreen broadleaf forest in Japan and to the northern limit of

evergreen broadleaf forest in China (Kira 1949, 1991).

5. CI¼�15 �C corresponds to the upper limit of canopy species of evergreen

broadleaf trees (e.g., Quercus spp.) in the absence of heavy snowfall, i.e., in the

Pacific Ocean side of Japan (Hattori and Nakanishi 1985). This value is adopted

instead of CI¼�10 �C (Kira 1949, 1991) representing the northern limit of

evergreen broadleaf canopy trees along the coastal areas of Japan because the

northern limit may be affected by sea spray (Hattori and Nakanishi 1985).

6. TCM¼ 18 �C corresponds to the boundary between tropical and extratropical

climates (K€oppen 1923). This value is also effective in distinguishing tropical

lowland forest (dominated by dipterocarps) and tropical montane forest (domi-

nated by non-dipterocarp evergreen broadleaf trees) on Mount Kinabalu

(Kitayama 1992).

5.4 Vegetation Zonation in the Western Pacific

According to the above critical values of thermal indices, the following vegetation

zones are distinguished as summarized in Table 5.1 and Fig. 5.3. WI¼ 45 �C is

considered only for high-latitude region in the Northern Hemisphere in Fig. 5.3

because this isotherm does not appear to be related to vegetation differentiation in

other regions. Each vegetation zone is explained in the following sections. Some of

the vegetation zones span from tropical to temperate regions in both hemispheres,
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but they lack the name inclusive of the whole geographic range because such

continuity has rarely been recognized by the previous studies. Therefore, names

for each region are listed together in the section headings in the order of northern

temperate, southern temperate, to tropical regions (e.g., Sect. 5.4.4). If temperate

regions of both hemispheres have the common name, the name for temperate

regions is followed by the name for the tropics (e.g., Sect. 5.4.6).

5.4.1 Alpine Zone

“Alpine zone” occurs above treelines in both hemispheres where the climate is too

cold for the formation and/or maintenance of forest stands (WI <15 �C). The
critical value (WI¼ 15 �C) for treeline was originally derived from the vegetation

pattern in Japan and was usually interpreted as indicating that summer is too short to

support tree growth. Interestingly, however, the same critical value appears to

Table 5.1 Vegetation zones in northern temperate (including boreal), tropical, and southern

temperate regions, as well as their collective names proposed in this study, of the western Pacific

in relation to critical values of thermal index

Thermal index (�C) Northern

temperate/

boreal Tropical

Southern

temperate Collective nameWI CI TCM

<15 – – Alpine zone Alpine zone Alpine zone Alpine zone

15–45 < �15 – Boreal conifer

forest

– Subalpine

forest/

alpine zonea

–

45–85 < �15 – Cool-temperate

deciduous

broadleaf forest

– – –

15–85 > �15 – Temperate

conifer forest

Tropical

subalpine

forest

Cool-

temperate

rainforest

Temperate-to-

tropical conifer-

mixed forests

85–144 – – Warm-temper-

ate evergreen

broadleaf forest

Tropical

upper-

montane

forest

Warm-

temperate

rainforest

Temperate-to-

tropical conifer-

mixed forests

>144 – <18 Subtropical

rainforest

Tropical

lower-

montane

forest

Subtropical

rainforest

Tropical-to-

subtropical

evergreen

broadleaf forests

– – >18 – Tropical

lowland

forest

– Tropical-to-

subtropical

evergreen

broadleaf forests

WI warmth index, CI coldness index, TCM monthly mean temperature of the coldest month
aSubalpine forest in mainland Australia and alpine zone in Tasmania and New Zealand
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explain the treeline on tropical mountains (Kira 1949; Ohsawa 1990) as demon-

strated by the data of New Guinea (Fig. 5.2). The lowered treelines on Mount

Kerinci and Mount Kinabalu are due to the effects of volcanism and glaciation,

respectively (Ohsawa et al. 1985; Kitayama 1992). In the southern temperate

regions, the treeline in mainland Australia also corresponds to WI¼ 15 �C, but
those of New Zealand and Tasmania appear to be lower (see Sect. 5.4.2).

The major tree species at treeline are Abies mariesii, A. veitchii, and Betula
ermanii in mainland Japan (Kira 1949; Ohsawa 1990; Okitsu 1999), A. kawakamii
and Juniperus squamata in Taiwan (Su 1984), Dimorphanthera microphylla and

Rapanea vaccinioides in New Guinea (Wade and McVean 1969), Eucalyptus spp.
in Australia and Tasmania (Williams and Costin 1994), and Nothofagus spp. in

New Zealand (Wardle 1991; Leathwick 2001). The lower treelines in New Zealand

and Tasmania may be due to the absence of hardy conifers and deciduous broadleaf

trees of the northern origins. In fact, the invasion of introduced Pinus spp. has been
reported for the alpine zone in New Zealand (Wardle 1985; Froude 2011).

5.4.2 Boreal Conifer Forest and Australian Subalpine Forest

This vegetation zone occurs where summer is short (from 15 to 45 �C in WI) and

winter is cold (CI <�15 �C). Globally “boreal conifer forest” is widespread under

the continental climate with long, cold winter in the Northern Hemisphere

Tropical 
subalpine 
forest

Tropical 
lowland 
forest

Tropical upper-
montane forest

Alpine zone

Latitude ( N)

Al
tit

ud
e 

(m
)

Fig. 5.3 A diagram showing the seven vegetation zones along latitudinal and altitudinal gradients

in the western Pacific. Three vegetation zones spanning from tropical montane regions to sub-

tropical and temperate regions in both hemispheres are called by different names in each of these

regions. CF conifer forest, DBF deciduous broadleaf forest, EBF evergreen broadleaf forest, RF
rainforest, *, alpine zone in comparative climate in Tasmania and New Zealand (Fig. 5.2)
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(zonobiome of the cold-temperate boreal climate, Walter 1985). In the western

Pacific regions considered in this study, it is restricted at high latitudes and altitudes

of Japan, where it is called “subalpine forest” or “subarctic forest” (Kira 1949,

1991; Kira et al. 1976). Although some authors think that there is no or very limited

occurrence of true boreal forest in Japan and prefer the name “sub-boreal forest”

(Kubota and Hara 1995) or “boreonemoral zone” (sensu Walter 1985; Uemura

1994) due to the co-occurrence of cool-temperate deciduous broadleaf trees, cli-

matic conditions corresponding to treeline (WI¼ 15 �C) do occur in Japan

(Fig. 5.2), which may justify the nomenclature adopted here (e.g., Hämet-Ahti

et al. 1974; Kojima 1987; Grishin 1995; Okitsu 2000). CI is always <�35 �C in

this zone of Japan. Dominant species are Abies sachalinensis and Picea jezoensis in
Hokkaido and A. mariesii, A. veitchii, P. jezoensis (var. hondoensis), and Tsuga
diversifolia in Honshu and Shikoku. This forest zone is absent in Kyushu south-

ward. As will be mentioned below (Sect. 5.4.4), “subalpine forest” dominated by

A. kawakamii in Taiwan (Su 1984) is not the southern extension of this zone, albeit
superficially similar, but should be regarded as “temperate conifer forest” ana-

logous to A. firma-T. sieboldii forest in the Pacific Ocean side of Japan. This is

counter to the traditional viewpoints regarding Taiwanese subalpine forest as boreal

conifer forest (e.g., Tsukada 1966; Su 1984; Ohsawa 1990).

The climatically equivalent areas also occur on high mountains in southern

temperate areas in Australia, Tasmania, and New Zealand, but the occurrence of

forest is restricted to Snowy Mountains, southeast Australia including Mount

Kosciusko (Australian “subalpine forest,” Williams and Costin 1994). In Snowy

Mountains, the dominant tree is evergreen Eucalyptus pauciflora, which may be

explained by biogeography (winter hardiness evolved in Eucalyptus) and/or climate

(winter is less furious). The frost resistance of E. pauciflora (�20 �C in bud) is

among the highest of trees in Australia, Tasmania, and New Zealand, which is

similar to that of the hardiest evergreen broadleaf species in Japan (e.g.,�18 �C and

�22 �C in bud of Camellia japonica and Pieris japonica, respectively), but is not as
high as deciduous broadleaf trees in Japan (e.g., �30 �C and �50 �C in bud of

Fagus crenata and Quercus crispula, respectively; Sakai et al. 1981; Sakai and
Larcher 1987). These suggest that milder winter allows the dominance of evergreen

broadleaf trees in subalpine forest of Australia. On Mount Kosciusko 15 �C and

45 �C in WI correspond to �31 �C and �9 �C in CI, respectively, whereas on

Taisetsu Mountains, these WI values correspond to �107 �C and �50 �C in CI,

respectively. Tree-less alpine vegetation occurs in this zone in Tasmania and

New Zealand (Sect. 5.4.1), where treelines appear to coincide with CI¼�15 �C
(Fig. 5.2), indicating that winter coldness limits the tree distribution in these

regions. Wardle (1991) suggested that nocturnal minimum temperature determines

treeline in New Zealand, which needs to be interpreted in relation to the absence of

hardy trees of the northern origins (Sect. 5.4.1).

5 Vegetation Zonation and Conifer Dominance Along Latitudinal and. . . 97



5.4.3 Cool-Temperate Deciduous Broadleaf Forest

In the western Pacific, “cool-temperate deciduous broadleaf forest” occurs only in

the Northern Hemisphere where summer is warm (45–85 �C in WI) and winter is

cold (CI <�15 �C). This vegetation zone is widespread in eastern Asia, Europe,

and eastern North America (zonobiome of the temperate-nemoral climate, Walter

1985). It appears that the combination of warm summer and cold winter gives the

competitive advantage to deciduous broadleaf trees over both conifers and ever-

green broadleaf trees. We need to note that this is the case only in productive

habitats on fertile soils. In less productive habitats such as on steep slopes and on

immature volcanic soils, conifers may attain high dominance (upper part of “tem-

perate conifer forest” sensu lato). This zone does not occur in Taiwan where the

climate is oceanic with less thermal seasonality.

The climatically equivalent area to this northern cool-temperate deciduous

broadleaf forest does not exist in the southern temperate regions of the western

Pacific with oceanic climate similar to Taiwan (compare Mt. Yushan with

Mt. Bellenden Ker southward in Fig. 5.1). As was mentioned above (Sect. 5.4.2),

WI¼ 45 �C corresponds to CI¼�9 �C on Mount Kosciusko that has the least

oceanic climate among humid areas in Australia, Tasmania, and New Zealand.

Deciduous broadleaf forest is virtually absent in Taiwan and in Southern Hemi-

sphere temperate regions with two exceptions: Fagus hayatae forest in northern

Taiwan (Hukusima et al. 2005) and Nothofagus gunnii forest in Tasmania (Veblen

et al. 1996), both occurring in warmer climate than this zone. Similar outliers of

deciduous forest dominated by Nothofagus spp. occur in Chile, South America

(Veblen et al. 1996).

5.4.4 Temperate Conifer Forest, Cool-Temperate Rainforest,
and Tropical Subalpine Forest

This vegetation zone occurs under oceanic, moderate climate without severe winter

(15–85 �C in WI and CI >�15 �C). The forest in this zone is called “temperate

conifer forest” (lower part of “temperate conifer forest” sensu lato) in northern

temperate regions and “cool-temperate rainforest” in the southern temperate

regions. Although WI at the threshold CI¼�15 �C is much higher (i.e., summer

is warmer) in Japan (WI¼ 59 �C on Yakushima) than in Taiwan (WI¼ 14 �C) and
southern temperate regions (WI¼ 35 �C on Mount Kosciusko), the lack of severe

winter characterizes this zone. The climatic equivalence between the temperate

forests on both hemispheres can be confirmed by frost resistance of the dominant

conifers (Table 5.2).

In Japan, this zone roughly corresponds to Abies firma-Tsuga sieboldii forest
(Yamanaka 1963; Kira et al. 1976). The lack of severe winter (CI>�15 �C) allows
the existence of canopy trees of a few evergreen broadleaf species (e.g., Quercus
spp.) admixed with conifers. Other dominant conifers include Cryptomeria
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Table 5.2 Freezing resistance (�C, maximum of leaf or bud) of cut shoots (determined by Sakai

and his coworkers) and horticultural hardiness rating (1, hardiest; 11, least hardy; Bannister and

Neuner 2001) of conifer species by forest zones

Forest zone and

species

Freezing

resistance

Hardiness

rating Distribution Reference

Boreal conifer forest

Abies mariesii �70 6 Japan Sakai and Malla

(1981)

A. sachalinensis �70 5 Japan Sakai (1983)

A. veitchii �70 3 Japan Sakai and Malla

(1981)

Picea jezoensis �70 2 Japan Sakai (1983)

Tsuga diversifolia �70 5 Japan Sakai and Malla

(1981)

Temperate conifer forest

Abies firma �30 6 Japan Sakai (1983)

A. kawakamii �30 6 Taiwan Sakai (1983)

A. spectabilis �25 7 Himalaya Sakai and Malla

(1981)

Chamaecyparis
obtusaa

�20 6 Japan and Taiwan Sakai and Okada

(1971)

Cryptomeria
japonicaa

�25c 6 Japan Sakai and

Kurahashi (1975)

Juniperus
squamata

�25 5 Taiwan and

Himalaya

Sakai (1983)

Picea
morrisonicola

�20c 8 Taiwan Sakai (1979)

P. toranoa �30 6 Japan Sakai and

Kurahashi (1975)

Tsuga dumosa �20c 8 Himalaya Sakai and Malla

(1981)

T. sieboldii �25 6 Japan Sakai and Malla

(1981)

Cool-temperate rainforest

Athrotaxis
cupressoides

�20c 8 Tasmania Sakai et al. (1981)

Halocarpus
bidwillii

�23 7 New Zealand Sakai et al. (1981)

Phyllocladus
alpinus

�22 8 New Zealand Sakai et al. (1981)

Podocarpus
lawrencei

�22 7 Australia Sakai et al. (1981)

P. nivalis �22 7 New Zealand Sakai et al. (1981)

Warm-temperate rainforest and warm-temperate evergreen broadleaf forest

Agathis australis �7c 9 New Zealand Sakai et al. (1981)

Dacrycarpus
dacrydioides

�7 9 New Zealand Sakai et al. (1981)

(continued)
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japonica, Chamaecyparis obtusa, and Picea torano, which also occur in

unproductive habitats in cool-temperate deciduous broadleaf forest (upper part of

“temperate conifer forest” sensu lato, Sect. 5.4.3). As mentioned above

(Sect. 5.4.2), “subalpine forest” (3100–3600 m) dominated by A. kawakamii, as
well as “upper-montane forest” (2500–3100 m) dominated by T. chinensis and

P. morrisonicola in Taiwan (Su 1984), also fall in this category. This climatic

characterization of species is supported by their frost resistance (Table 5.2).

In cool-temperate rainforest of the Southern Hemisphere, the dominance of

conifer may not be necessarily high, e.g., at the treeline in New Zealand showing

the mono-dominance of Nothofagus spp. (Wardle 1991; Leathwick 2001). How-

ever, where Nothofagus is absent, mixed conifer-broadleaf forests occur in this zone

(see Sect. 5.5). Conifers (e.g., genera Athrotaxis, Lagarostrobos, and Phyllocladus)
are also dominant in cool-temperate rainforests in Tasmania (Jarman et al. 1987).

Conifers are virtually absent in comparable vegetation in mainland Australia, with

only one species (Podocarpus lawrencei; Gibson et al. 1995), which may be

Table 5.2 (continued)

Forest zone and

species

Freezing

resistance

Hardiness

rating Distribution Reference

Dacrydium
cupressinum

�8 9 New Zealand Sakai et al. (1981)

Podocarpus hallii �13 8 New Zealand Sakai and Wardle

(1978)

P. macrophyllus �13 7 Japan Sakai and

Kurahashi (1975)

P. totara �7c 9 New Zealand Sakai et al. (1981)

Prumnopitys
ferruginea

�10 9 New Zealand Sakai et al. (1981)

Taiwania
cryptomerioides

�15c 9 Taiwan Sakai and

Kurahashi (1975)

Subtropical rainforest and tropical lower-montane forest

Araucaria
cunninghamiib

�5c 10 New Guinea and

Australia

Sakai et al. (1981)

Tropical upper-montane forest and tropical subalpine forest

Dacrycarpus
compactus

�5+c NA New Guinea Sakai et al. (1981)

Papuacedrus
papuana

�5 10 New Guinea Sakai and Larcher

(1987)

Phyllocladus
hypophyllus

�3 10 New Guinea Sakai and Larcher

(1987)

Podocarpus brassii �6 NA New Guinea Sakai and Larcher

(1987)

NA no data available
aAlso in cool-temperate deciduous broadleaf forest
bAlso in tropical upper-montane and tropical lowland forests
cPlanted trees
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explained by the past climate (Sect. 5.4.5), although P. lawrencei can become

dominant in subalpine thickets (Adam 1992).

This zone in tropical forest corresponds to “tropical subalpine forest.” Tropical

mountains lack winter even at high elevations, so that CI is >0 �C up to treeline

(where WI¼ 15 �C). On non-volcanic high mountains, which show the full devel-

opment of vegetation, conifers (e.g., genera Dacrycarpus, Phyllocladus, and

Podocarpus on Mount Kinabalu and New Guinea and Papuacedrus on New

Guinea) become dominant occupying the forest upper story (Aiba et al. 2013) or

sometime becoming emergents (Grubb and Stevens 1985). Thus, one may call this

zone on tropical mountains as “tropical conifer forest” (Tagawa 1995). Ohsawa

(1991, 1995) and Buot and Okitsu (1998) suggested that high-altitude forests of

Asian tropical mountains showed structure and composition equivalent to the

understory of the lower-altitude forests. Their suggestions are based on observa-

tions of mountains where conifers are rare at high elevations probably due to the

effects of volcanism and/or fires and cannot be accepted as a general rule for the

tropical mountains in the western Pacific (Aiba 2011).

5.4.5 Warm-Temperate Evergreen Broadleaf Forest,
Warm-Temperate Rainforest, and Tropical
Upper-Montane Forest

The climate of this vegetation zone is similar to that of the abovementioned zone

(Sect. 5.4.4), but is warmer overall (85–144 �C in WI). The forest in this zone is

usually called “warm-temperate evergreen broadleaf forest” in the northern tem-

perate regions and “warm-temperate rainforest” in the southern temperate regions.

CI is >�15 �C in Japan and almost always >0 �C in Taiwan and southern

temperate regions, leading to the dominance of evergreen broadleaf trees. These

thermal conditions largely encompass three regions (Japan, New Zealand, and

Australia) of “warm-temperate rain forest” in the western Pacific recognized by

Grubb et al. (2013). In limited inland areas of Japan with relatively continental

climate, however, winter becomes too cold (CI <�15 �C) to allow the growth of

canopy trees of evergreen broadleaf species, where an exceptional “warm-temper-

ate deciduous broadleaf forest” is found (Kira 1949, 1991; Kira et al. 1976).

In the actual vegetation in Japan, warm-temperate evergreen broadleaf forest

literally contains few conifers. However, this may reflect historical logging of

conifers, especially Cryptomeria japonica and Chamaecyparis obtusa, dating

back to around 600 AC (Totman 1989). There are some areas still showing high

abundance of temperate conifers such as Abies firma and Tsuga sieboldii (e.g.,
Miyajima Island, Kuroda et al. 2003; Boso Peninsula, Ozaki and Ohsawa 1995),

and there used to be more such areas in the past before the large-scale logging

started (e.g., the lowland of Yakushima Island, Kira and Yoshino 1967). By

contrast, the warm-temperate forest (c. 1500–2500 m) in Taiwan generally shows
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the greater dominance of conifers such as Chamaecyparis formosensis, C. obtusa
(var. formosana), Pseudotsuga wilsoniana, Taiwania cryptomerioides, and

Cunninghamia konishii, where historical logging had been less intense (Su 1984;

Liao et al. 2014). Kira (1991) proposed the term “warm-temperate lucidophyll

forest” for this forest zone in Japan based on leaf properties of the dominant

evergreen broadleaf trees with shiny, middle-sized leaves, which are distinct from

smaller sclerophyllic leaves and larger tropical leaves.

Like Taiwan, warm-temperate rainforest in New Zealand is also essentially

mixed conifer-broadleaf forest including giant conifers such as Agathis australis,
Dacrycarpus dacrydioides, Dacrydium cupressinum, Podocarpus totara, and

Prumnopitys ferruginea (Wardle 1991; Leathwick 2001; Lusk 2002). This forest

type is characterized by varying degrees of conifer dominance and variously called

such as “conifer-broadleaf” (Wardle 1983), “conifer/broad-leaved” (Wardle 1991),

or “conifer-broadleaved” forest (Leathwick 2001). In warm-temperate rainforest of

eastern Australia, there are two conifer species with highly restricted distributions

(the Greater Blue Mountains, 34�S). Wollemia nobilis occurs as emergents in the

groves in steep canyons (Benson and Allen 2007), while Microstrobos fitzgeraldii
occurs as a shrub on cliffs generally within the spray zone of waterfalls (Gibson

et al. 1995). The paucity of the conifer flora and the lack of conifer dominance in the

cool- and warm-temperate rainforests of southeast mainland Australia may be

explained by the past climate (Sect. 5.4.4), which will be discussed in Sect. 5.7.2.

Tropical forest in this zone corresponds to “tropical upper-montane forest.” This

is the lower extension of tropical subalpine forest explained above (Sect. 5.4.4),

with reduced dominance of conifers. In the influential book of Whitmore (1984),

there is an often-cited diagram of vegetation zones in Malay Peninsula showing that

Ericaceae and Myrtaceae, as well as conifers, characterize the upper-montane zone.

The review of the literature indicated that conifers and Myrtaceae are by far the

dominants and quantitative vegetation data supporting the dominance of Ericaceae

(though species richness may be high) is lacking (Aiba 2011).

5.4.6 Subtropical Rainforest and Tropical Lower-Montane
Forest

This vegetation zone occurs where climate is generally hot (WI >144 �C) but

winter (or relatively cooler season in the tropics) can be still recognized (TCM

<18 �C). Forest in this zone is called “subtropical rainforest” at the middle latitudes

of both hemispheres and “tropical lower-montane forest” on the tropical mountains.

In this zone, conifer dominance is greatly reduced: only scattered individuals of

Calocedrus (Taiwan, Liao et al. 2014), Podocarpus, and Nageia (Japan and Tai-

wan, Kohyama and Aiba 1997) are found in northern temperate regions, but conifer

dominance can become higher in drier areas in southern temperate regions (Arau-
caria forest in Australia, Winter et al 1987; Adam 1992) and on poor soils on
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tropical mountains (e.g., on ultramafic rocks, Kitayama et al. 2011). Notably,

Araucaria cunninghamii is distributed in both New Guinea and eastern Australia,

demonstrating the climatic equivalence between these two regions. Though this

species has a wide distribution range, the centers of the distribution are in lower-

montane forest in New Guinea and in subtropical forest in Australia (de Laubenfels

1988; Enright and Hill 1995).

The abovementioned diagram of tropical vegetation zones in Malay Peninsula

(Sect. 5.4.5; Whitmore 1984) indicates that Fagaceae and Lauraceae dominate in

tropical lower-montane forest. However, the review of the literature revealed the

following (Aiba 2011). In the western Malesia (west of Wallace’s line, Whitmore

1984), the dominance of Fagaceae is restricted to mountains with nutrient-rich soils

affected by volcanism (e.g., the Philippines, Sumatra, and Java), and Myrtaceae and

conifers are more dominant on non-volcanic mountains with nutrient-poor soils

(e.g., Borneo and Malay Peninsula). In the eastern Malesia (New Guinea, Sulawesi,

and Seram), Fagaceae dominates in the lower part of the lower-montane forest, but

Myrtaceae and conifers become dominant in the upper part. There is no quantitative

vegetation study showing the dominance of Lauraceae (though species richness of

Lauraceae may be high as Ericaceae in tropical upper-montane forest, Sect. 5.4.5).

Ashton (2003) also pointed out that oak-laurel lower-montane forest is very

restricted in Borneo where soils are generally infertile.

5.4.7 Tropical Lowland Forest

“Tropical lowland forest” occurs where climate is hot throughout the year (TCM

>18 �C). The northern limit is in the southern lowland of Taiwan (23�N), the
southern limit is at around 20�S in eastern Australia, and the upper limit is at around

1500 m in New Guinea. Kira (1991) considered WI¼ 240 �C as a thermal limit for

tropical zone, but TCM¼ 18 �C roughly corresponds to WI¼ 210 �C in Taiwan

(Lanyu Island), 220 �C in eastern Australia, and 160 �C on New Guinean mountains

(note that TCM¼ 18 �C coincides with WI¼ 156 �C in perfectly aseasonal cli-

mate). The dominant tree family is Dipterocarpaceae in the Philippines and

Sundaland (including Borneo and Sumatra), while Dipterocarpaceae is a minor

element in New Guinea located in the east of Wallace’s line and is absent in Taiwan
and Australia. Conifers are essentially absent. The exceptions are Agathis and

Araucaria in New Guinea, Agathis in Australia, and Agathis and Dacrydium on

swampy or sandy (“kerangas”) soils in Southeast Asia. Agathis robusta occurs in

lowlands of both New Guinea and Australia, similar to Araucaria cunninghamii
that tends to occur in cooler climate (Sect. 5.4.6; de Laubenfels 1988). Though not

included in the present study, New Caledonia (22�S) is the most notable exception

in this zone in having rich conifer flora (Enright and Hill 1995).
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5.5 Vegetation Zones in the Tropics and in the Southern

Hemisphere

The critical values of thermal indices adopted in this study had been shown

effective in explaining the vegetation zones in East and Southeast Asia, especially

in the temperate to subtropical regions of the Northern Hemisphere (Japan and

Taiwan). Did these fit to the vegetation zones in the tropics and in the Southern

Hemisphere?

For the tropical forests below the treelines, the present study recognized four

vegetation zones (lowland, lower montane, upper montane, and subalpine) on high

mountains (Fig. 5.3). This qualitatively fits the zonation pattern shown by earlier

studies conducted for higher mountains (>3000 m) such as New Guinea and Mount

Kinabalu (Grubb and Stevens 1985; Kitayama 1992; Ashton 2003), although the

subalpine forest is generally lacking on lower mountains <3000 m (Whitmore

1984).

For temperate forests in New Zealand, the present study recognized two vege-

tation zones, warm-temperate and cool-temperate zones (Fig. 5.3). These zones

qualitatively correspond to warm-temperate and cool-temperate belts, the latter

including subalpine belt, defined by Wardle (1991). Wardle’s subalpine belt is a

narrow belt of almost pure stand of Nothofagus spp. marking the treeline. The same

Nothofagus species are shared by the cool-temperate belt sensu stricto (excluding

subalpine belt); hence, subalpine belt may be considered to be an upper subzone of

the cool-temperate belt sensu lato. Leathwick (2001) predicted the potential forest

pattern in New Zealand based on extensive datasets and classified forests into five

groups: (1) conifer-broadleaf forests in warm, wet climate; (2) mixed forests in

cool, wet climate; (3) Nothofagus-dominant forests in cool, wet climate, including

those at treeline; (4) conifer-dominant forests in warm, dry climate; and

(5) Nothofagus-dominant forests in cool, dry climate. The climates for groups

(2) and (3) are similar, suggesting that Nothofagus dominance is related to biogeo-

graphic factors such as the range contraction of Nothofagus in the last glaciation

(Sect. 5.7.2). This classification, though incorporating the wet-dry axis, also sup-

ports the warm versus cool dichotomy of New Zealand forest zones recognized in

the present study.

For eastern Australia to Tasmania spanning from tropical to temperate regions,

the present study recognized four forest zones excluding the small areas of subal-

pine zone restricted to high elevations in southeast mainland: tropical lowland,

subtropical, warm-temperate, and cool-temperate zones (Fig. 5.3). There has been

no consensus as to the classification of Australian rainforest, but the physiognomic

system proposed by Webb (1978) has been most widely used (Adam 1992; Bow-

man 2000). Webb’s system may be translated to the classification based on climate,

in which four climatic zones are recognized (tropical, subtropical, warm temperate,

and cool temperate; Webb 1968; Winter et al 1987; Adam 1992). Thus, the

classification proposed in the present study qualitatively matches the zones shown

by Australian rainforests as well.
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5.6 Tropical-Temperate Dichotomy or Continuity Across

Latitudes?

In the present study, boreal conifer forest (Sect. 5.4.2) and cool-temperate decidu-

ous broadleaf forest (Sect. 5.4.3) occur only in the Northern Hemisphere, as was

depicted by the Troll’s diagram of the “asymmetric vegetation structure” of the

earth (Troll 1948). On the other hand, the vegetation zones at the lower latitudes

and lower altitudes span from tropical mountains to temperate regions in both

hemispheres (Sects. 5.4.4, 5.4.5, and 5.4.6). This is again in line with the general

idea of Troll (1948), but is in contrast to Ohsawa (1990, 1993, 1995) who distin-

guished the altitudinal zonations on tropical versus temperate mountains with

transitional zonation at 20–30�N in eastern and southern Asia. Although Ohsawa

(1990, 1993, 1995) admitted that tropical lower-montane forest belongs to the same

zone with subtropical forest in mid-latitude lowland (corresponding to Sect. 5.4.6 in

the present study), he did not take into account the relationship between tropical

upper-montane forest (including tropical subalpine forest) and temperate forests.

The basis of vegetation zone classifications by Troll and Ohsawa is mostly climate.

Based on floristics and physiognomy along with climate, Shimizu (2014) pointed

out that tropical upper- and lower-montane forests correspond to warm-temperate

and subtropical forests, respectively, which is qualitatively consistent with the

present study, but he did not give the detailed explanation about the similarity

between tropical and temperate forests.

Should we distinguish tropical versus temperate zones, or should we consider the

continuous change in forest vegetation from tropical to temperate regions? The

answer will depend on the objectives of the vegetation classification. If we aim to

demonstrate the effects of the climate seasonality on vegetation, then tropical and

temperate zones should be distinguished. If we aim to clarify the controlling factors

for the resemblance between tropical and temperate vegetation, then the continuity

between tropical and temperate zones should be explored. As will be discussed

below, the continuous system adopted here is effective in understanding the geo-

graphic pattern of conifer dominance. Tropical climate, though lacking seasonal

change, exhibits diurnal fluctuations in temperature, and the nighttime temperature

can become low just like winter in temperate regions (e.g., Kudo and Suzuki 2004).

Southern Hemisphere temperate and tropical high-altitude environments are similar

in that freeze-thaw event can occur at any time of the year (Feild et al. 2002).

Therefore, there seems to be no absolute reason to assume that tropical and

temperate zones are fundamentally different.
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5.7 Biogeography and Ecology of Conifer Dominance

5.7.1 Geographic Pattern of Conifer Dominance

In the western Pacific regions, there are two forest zones showing conifer domi-

nance (conifer forests or mixed conifer-broadleaf forests), i.e., boreal forest

(Sect. 5.4.2) versus temperate-to-tropical forests (Sects. 5.4.4 and 5.4.5), separated

by cool-temperate deciduous broadleaf forest zone (Sect. 5.4.3) with warm summer

and cold winter (45–85 �C inWI and CI<�15 �C; an example of climate shown for

Mount Hayachine in Fig. 5.1). Boreal conifer forest is characterized by continental

climate with short summer and long, cold winter (15–45 �C in WI and CI

<�15 �C), occurring only at high latitudes and high altitudes (above the cool-

temperate deciduous broadleaf forest) in Japan (“subalpine or subarctic forests”).

By contrast, temperate-to-tropical forests showing conifer dominance in both hemi-

spheres are characterized by oceanic, moderate climate without severe winter

(15–144 �C in WI and CI >�15 �C). These climatic differences between boreal

versus temperate-to-tropical forests can be seen if one compare climate of Taisetsu

Mountains with those of Aso Mountains southward in Fig. 5.1.

In Japan, at the lower altitudes or latitudes than the cool-temperate deciduous

broadleaf forests, the temperate conifer forest (Sect. 5.4.4) is distributed in a narrow

geographic belt on the Pacific Ocean side with climatic condition from 45 to 85 �C
in WI (so-called Abies firma-Tsuga sieboldii forest). However, the restriction of

conifer dominance to this narrow belt is probably due to the historical logging

(Sect. 5.4.5). If we look at vegetations in Taiwan and New Zealand, the coexistence

of conifer and broadleaf trees is the rule in warm-temperate forests in warmer

climate (85–144 �C in WI). Thus, temperate forests showing high conifer domi-

nance (conifer forests or mixed conifer-broadleaf forests) are more extensive in

temperate regions outside Japan. These temperate conifer or mixed forests grade

into tropical conifer forests (tropical subalpine and upper-montane forests) at high

elevations in Southeast Asia and New Guinea. Therefore, we may collectively call

these forests (Sects. 5.4.4 plus Sect. 5.4.5) as “temperate-to-tropical conifer-mixed

forests” in contrast to boreal conifer forest confined to high latitudes and altitudes in

the Northern Hemisphere (Fig. 5.4 and Table 5.1). “Conifer-mixed forest” (Devito

et al. 1999) rather than “conifer forest” is appropriate for the temperate-to-tropical

zone since even so-called temperate conifer forests and tropical conifer forests

always accompany broadleaf trees with varying degrees of mixture, especially in

the understory.

Similarly, tropical and subtropical forests dominated by evergreen broadleaf

trees (Sects. 5.4.6 plus Sect. 5.4.7) can be collectively called “tropical-to-subtrop-

ical evergreen broadleaf forests.” Subtropical and tropical lower-montane forests

(Sect. 5.4.6) can be regarded as impoverished variations of rich, gigantic tropical

lowland forest (Sect. 5.4.7) under the suboptimal thermal conditions. On the other

hand, Tagawa (1995) merged warm-temperate, subtropical, and tropical montane

forests (excluding those dominated by conifers) in Asia and New Guinea
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(Sects. 5.4.5 plus Sect. 5.4.6) into “lucidophyll oak-laurel forest” formation from

the physiognomic and floristic viewpoints; however, as was explained earlier

(Sect. 5.4.6), the term “oak-laurel forest” is inappropriate as the general name

even for tropical lower-montane forest.

What climatic factors make temperate-to-tropical conifer-mixed forests a dis-

tinctive vegetation zone from tropical-to-subtropical evergreen broadleaf forests

and from cool-temperate deciduous broadleaf forest? It appears that relatively cool

summer (or year-round low temperature on tropical mountains) limits the growth of

evergreen broadleaf trees while mild winter (or the absence of winter on tropical

mountains) gives the competitive advantage to conifers over deciduous broadleaf

trees, leading to conifer dominance in the temperate-to-tropical conifer-mixed

forests. The latter situation should make photosynthesis possible in winter (or all

year round in tropical mountains), as is the case for conifer forests in the western

North America (Waring and Franklin 1979; Han and Mukai 1999; Weng

et al. 2005). The unproductive habitats on poor soils also help conifers outcompete

broadleaf (both evergreen and deciduous) trees and locally modify the vegetation

zonation. Aiba et al. (2013) suggested that lower growth of broadleaf trees in cold

and/or nutrient-poor environments results in sparser forest canopy, allowing shade-

intolerant conifers to dominate the forests.

The boreal conifer forest in Japan is dominated by Abies mariesii,
A. sachalinensis, A. veitchii, Picea jezoensis, and Tsuga diversifolia. Temperate

conifer forest is dominated by A. firma, T. sieboldii, Cryptomeria japonica, and
P. torano in Japan and by A. kawakamii, T. chinensis, and P. morrisonicola in

Taiwan. Therefore, boreal and temperate conifer forests share congeneric species.

Assigning these genera to particular climate is therefore not persuasive. Picea and

Tsuga were often considered as purely boreal and cool-temperate elements,

Temperate-to-tropical 
conifer-mixed forests

Latitude ( N)

Al
tit

ud
e 

(m
)

Tropical-to-subtropical
evergreen broadleaf 
forest

Fig. 5.4 Four forest zones broadly defined by conifer dominance and climate. See Fig. 5.3 for the

abbreviation
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respectively, while Abies as representing both boreal and cool-temperate zones in

the pollen analysis (e g. Takahara et al. 2000; Gotanda et al. 2002). On the other

hand, Sakai (1983) demonstrated that these genera showed similar ranges of frost

resistance, all with wide interspecific variations (Table 5.2). Therefore, a precaution

is needed in interpreting the vegetation reconstructions based on pollen analysis. In

particular, it is stressed here that the dominance of Abies and Picea is not restricted
to boreal forest. In this study it was shown that “subalpine forest” dominated by

A. kawakamii as well as “upper-montane forest” dominated by T. chinensis and

P. morrisonicola in Taiwan are considered as temperate conifer forest analogous to

A. firma-T. sieboldii forest in Japan, not as boreal conifer forest. Though not

included in the present study, subalpine forests in the Himalayas dominated by

Abies spectabilis (and other high-elevation forests including Abies, Picea, and
Tsuga) should also be considered as temperate conifer forest, judging from their

similar frost resistance to A. firma, A. kawakamii, P. morrisonicola, and T. sieboldii
(Table 5.2; Sakai and Malla 1981).

5.7.2 Biogeography and Ecology

There is a marked floristic discontinuity in the southern tip of Taiwan (Takhtajan

1986) or between Taiwan and the Philippines (Hsieh 2003; Raes and van Welzen

2009). There, holarctic and paleotropical elements predominate northward and

southward, respectively. Dominant conifers in temperate zones of Japan and Tai-

wan (Pinaceae and some Cupressaceae; hereafter “northern conifers”) are probably

of northern or Laurasian origins, while those in temperate-to-tropical zones of

Southeast Asia, New Guinea, Australia, and New Zealand (Araucariaceae,

Podocarpaceae, and other Cupressaceae; hereafter “southern conifers”) had been

the significant components in southern or Gondowana flora (Hill and Brodribb

1999; LaPage 2003; Mao et al. 2012). Temperate northern conifers such as Abies
firma and A. kawakamii lack extreme cold hardiness, unlike boreal northern coni-

fers (Table 5.2). Contrarily, some southern conifers (e.g., Halocarpus bidwillii,
Phyllocladus alpinus, Podocarpus lawrencei, and P. nivalis) have evolved to

acquire moderate hardiness comparable to temperate northern conifers, although

southern conifers are generally less frost resistant than northern conifers (Sakai and

Larcher 1987; Bannister and Neuner 2001). Thus, temperate-to-tropical conifers in

both hemispheres include exceptions to the global pattern that northern conifers are

associated with continental climate in which winter is furious while southern

conifers are with maritime climate in which winter is mild or absent (Brodribb

and Hill 2004; Bannister 2007).

How almost non-overlapping distributions between northern and southern coni-

fers in the temperate-to-tropical conifer-mixed forest zone arouse and are

maintained is an interesting question. Among southern conifers, the genus

Dacrydium was present in Japan in the past (c. 15 million years ago, Morley

2000), so that its current absence in northern temperate regions (Taiwan and
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Japan) at first look seems to be explained by the lack of cold tolerance. However,

D. cupressinum is distributed to as far south as 47�S in New Zealand, and its leaves

can tolerate�8 �C freezing, which is comparable to some evergreen broadleaf trees

(e.g., Elaeocarpus sylvestris and Litsea japonica) in the southwestern part of

mainland Japan (Sakai and Larcher 1987; Wardle 1991). This suggests that bioge-

ography (such that Dacrydium has not crossed the geographic barriers under the

current climate) likely explain the present geographic distribution of Dacrydium.
Among northern conifers, Pinus and Taxus have crossed the sea (though probably

they moved mostly on land via exposed Sundaland) from Asian continent to insular

Southeast Asia (Sumatra and the Philippines for Pinus and Taxus and Sulawesi for

Taxus, de Laubenfels 1988), again suggesting that biogeography (geographic bar-

rier) rather than ecology (climatic niche) explains their present ranges of distribu-

tion that are biased toward the Northern Hemisphere. However, it is possible that

some taxa adapted to seasonal climate cannot sustain their populations in tropical

climate (such that flower bud formation requires winter chill).

The possible role of the past climate in determining the current vegetation

pattern was suggested for Nothofagus dominance in cool-temperate zone in

New Zealand (Sect. 5.5). The similar situation may apply to the poor diversity

and the lack of dominance of conifers in the cool- and warm-temperate rainforests

of southeast mainland Australia (Sects. 5.4.4 and 5.4.5), which had only three

species of conifers (Podocarpus lawrencei,Microstrobos fitzgeraldii, andWollemia
nobilis; the latter two species have extremely localized distributions; Gibson

et al. 1995; Benson and Allen 2007). The fossil records indicated that the cooler

and drier climate in the past have caused the extinction of many rainforest conifer

taxa in southeastern Australia (Hill and Brodribb 1999; Kershaw and Wagstaff

2001). This contrasts with relatively rich conifer flora of dry forests and open

woodlands in Australia (Callistris and Actinostrobos; Bowman and Harris 1995).

In sum, distributions of tropical-to-temperate conifers should have been constrained

by both historical and ecological factors.

The majority of temperate-to-tropical conifers in both hemispheres are shade-

intolerant species, which persist in forest overstory due to long lifespan, and they

depend on occasional natural disturbances for regeneration (Enright and Hill 1995;

Aiba et al. 2013). Some temperate-to-tropical mixed forests with either northern or

southern conifers in the western Pacific (Japan, Taiwan, New Guinea, and

New Zealand) show “additive basal area” phenomenon, which indicates vertical

niche partitioning between shorter, shade-tolerant broadleaf trees and emergent,

shade-intolerant conifers (Enright 1982; Ogden 1985; Enright and Hill 1995; Lusk

2002; Aiba et al. 2007; Liao et al. 2014). Thus, temperate-to-tropical conifers of

both hemispheres are ecologically similar in many ways irrespective of taxonomy,

meaning that these conifers can be considered as a functionally coherent group.

These considerations justify the climatically defined vegetation zones proposed

here, some of which span from tropical to temperate regions in both hemispheres.
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Chapter 6

Roles of Terrestrial Carbon Subsidies

to Aquatic Community Metabolism

in Mountain Lake Ecosystems

Tomoya Iwata, Naoka Mochizuki, Takao Suzuki, Ayato Kohzu,

Hisaya Kojima, Manabu Fukui, and Jotaro Urabe

Abstract Terrestrial–aquatic linkages of Japanese mountain lake ecosystems were

examined to identify terrestrial carbon input into mountain lakes and the impor-

tance of the allochthonous carbon for the ecosystem metabolism of aquatic food

webs therein. Stable carbon isotope analyses revealed that the flux of terrestrial

dissolved organic matter from the surrounding catchments was relatively larger in

smaller lakes with higher drainage ratios and tended to predominate carbon cycling

in the epilimnetic water of such lakes. However, the metabolic balance of

epilimnetic lake waters was net autotrophic or approximately in balance between

gross primary production (GPP) and community respiration (CR) rates, suggesting

that allochthonous organic matter generally subsidizes benthic and hypolimnetic

communities. Empirical models established based on these observed GPP and CR

values predict that climate change may increase carbon flows from both autoch-

thonous and allochthonous pathways in epilimnetic communities of unproductive

mountain lakes, directly through the functional dependence of community metab-

olism on the projected temperature rise and indirectly through the increased supply

of terrestrial organic matter.

Keywords Allochthonous organic matter • Carbon isotope ratio • CO2

supersaturation • Ecosystem metabolism • Heterotrophy • P/R ratio • Terrestrial
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6.1 Introduction

Lake ecosystems are responsive to anthropogenic disturbances occurring at multi-

ple spatial scales such as global climate change, regional atmospheric pollutant

deposition, and local human activities of their embedded catchments (Schindler

1997, 2009). Because physical, chemical, and biological characteristics of lake

ecosystems respond rapidly to climate-related variables, lakes may serve as a

sentinel of climate change and its associated impacts on terrestrial catchments

(Schindler 1997, 2009; Adrian et al. 2009). Moreover, recent studies have described

that lakes play a major role in global carbon cycling through ecosystem metabo-

lism, CO2 and CH4 efflux, carbon burial and sedimentation, and the transformation

of organic matter (Cole et al. 2007; Tranvik et al. 2009; Gudasz et al. 2010;

Bastviken et al. 2011). Lakes are therefore not merely recipients of materials

coming from upstream catchments but they amplify, dampen, or cancel out the

catchment inputs, which can influence downstream ecosystems and/or the

atmosphere.

A global estimate of lake abundance and size showed that small lakes and ponds

(<1 km2) dominate the numerical and areal cover of the lake surface. In fact, they

constitute >99.9 % of the total number of lakes and >50 % of the lake surface area

worldwide (Downing et al. 2006). Therefore, small lakes are expected to play a

pivotal role in global carbon cycling and in biodiversity maintenance. However,

small water bodies are susceptible to climate changes due to their shallow depth and

low water volumes (Smol et al. 2005; Smol and Douglas 2007; Thompson

et al. 2009). Because small mountain lakes are often located in harsh environments

such as high-elevation ecosystems, they may be ultrasensitive to changes in

climate-related variables. Several studies predict that global warming may increase

lake water temperature, decrease the ice-cover period, and lengthen the growing

season, which may consequently affect the biodiversity and ecosystem functioning

of alpine and subalpine lake ecosystems (Algesten et al. 2003; Quinlan et al. 2005;

Smol and Douglas 2007; Parker et al. 2008; Rosén et al. 2009). Moreover, many

such projected changes influence small mountain lakes indirectly through the

changes in allochthonous supply of terrestrial organic matter into lakes (Schindler

1997). Therefore, elucidating the linkage between lake communities and the sur-

rounding terrestrial environments through the cross-system transport of terrestrial

organic matter is prerequisite for the accurate prediction of climatic change effects

on mountain lakes.

Allochthonous inputs of dissolved and particulate organic matter (DOM and

POM) from terrestrial surroundings often provide significant subsidies to

unproductive lake food webs (del Giorgio et al. 1997; Duarte and Agustı́ 1998).

Many studies have shown that particulate and dissolved forms of terrestrially

derived organic matter fuel the secondary production and respiration of heterotro-

phic organisms (planktonic bacteria, zooplankton, benthic invertebrates, fish, etc.)

in unproductive lakes (Pace et al. 2004; Carpenter et al. 2005; Berggren et al. 2010;

Cole et al. 2011; Solomon et al. 2011; Karlsson et al. 2012; Scharnweber
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et al. 2014). As a result of the decomposition of such added allochthonous organic

matter, community respiration (CR) usually exceeds the gross primary production

(GPP), yielding negative net ecosystem production. Therefore, net heterotrophy has

been used as the clue to substantial contributions of allochthonous organic matter to

carbon flow in lake food webs (Duarte and Agustı́ 1998; Cole et al. 2000; Hanson

et al. 2003). Moreover, strong dependence of lake communities on terrestrial

resources is regarded as the major cause of the prevalence of CO2 supersaturation

and the large amount of CO2 outgassing in lake ecosystems (Cole and Caraco 2001;

Urabe et al. 2011). However, the extent to which unproductive mountain lake

ecosystems connect to their surrounding catchments through the flux of

allochthonous organic matter remains unclear. It is also not clear how ongoing

global warming can affect the degree of allochthony: the dependence of mountain

lake communities on terrestrial organic matter.

Tree lines are predicted to advance upslope as temperature rises and precipita-

tion increases if tree line advancement is limited primarily by low-growing season

temperature (Macias-Fauria and Johnson 2013). Lake water chemistry will be

affected by such expansion of forested vegetation into alpine areas (Kissman

et al. 2013). A striking projected change with climate change and resultant tree

advancement is the increase of dissolved organic matter concentration in lakes

(Kissman et al. 2013). Increased export of dissolved organic matter from terrestrial

catchments is known to influence lake acidity, light climate, microbial community

structure, primary productivity, heterotrophic respiration, and pCO2 supersaturation

(Sobek et al. 2007; Jansson et al. 2008; Karlsson et al. 2009; Urabe et al. 2011; Fujii

et al. 2012). Therefore, the degree of allochthony of mountain lake food webs may

also change along the environmental gradients caused by the establishment of

forested vegetation across the alpine-to-subalpine-to-montane areas, as well as

catchment characteristics and lake morphometry, any of which might affect the

supply of terrestrial organic matter (Rasmussen et al. 1989; Hanson et al. 2003;

Sobek et al. 2003; Kankaala et al. 2013). However, no such pattern was elucidated

until recently, especially in the mountain lakes of mid-latitude areas where alpine

ecosystems are likely to be vulnerable to climate change effects.

To evaluate the roles of terrestrial carbon subsidies in mountain lake ecosystems,

we investigated the ecosystem metabolism of planktonic communities along the

environmental gradients of Japanese alpine, subalpine, and montane lakes with

various sizes and catchment characteristics. We specifically aim (i) to show the

source of dissolved inorganic and organic carbon in mountain lakes using stable

carbon isotope analyses, (ii) to identify the pattern of the size-fractionated and

community-based planktonic metabolism of lake ecosystems, and (iii) to analyze

environmental factors controlling the community metabolism from which future

changes in carbon cycling of mountain lake ecosystems can be predicted.
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6.2 Study Area

We performed sampling campaigns in 49 alpine, subalpine, and montane lakes in

Japan during 2005 and 2007 (Table 6.1, Fig. 6.1). These lakes lie in temperate or

boreal climate regions, located at latitudes from 35�270N to 43�410N with elevation

of 420–2700 m (Fig. 6.1). The lakes have various morphology in terms of depth

(range 0.35–122 m) and area (0.014–1283 ha). Most of the lakes are located within

national parks or quasi-national parks. The watershed areas of montane lakes are

covered mainly by deciduous forests, whereas those of subalpine lakes are covered

by coniferous forests, grasslands, or subalpine wetland vegetation. Alpine lakes are

surrounded mainly by alpine dwarf pines (Pinus pumila), shrubs, and/or grasslands
(Table 6.1). Total phosphorus (TP) concentrations are generally low ranging

0.05–2.11 μM (median ¼ 0.25 μM, Table 6.1). Most of the lakes are classified as

oligotrophic (TP <10 mg/m3, 32 lakes) or mesotrophic (TP ¼ 10–35 mg/m3,

16 lakes) based on the OECD criteria.

6.3 Methods

6.3.1 Field Survey in 2005 and 2006

In each study lake, limnological surveys were made once during the summer

(mid-July to August) of 2005 and 2006. At the deepest point of each lake, we

collected surface water samples by gently sinking 30-mL glass vials to measure the

concentration and stable carbon isotope ratio (δ13C) of dissolved inorganic carbon

(DIC). These water samples were sealed with a butyl rubber stopper and an

aluminum crimp seal, and 0.2 mL of saturated HgCl2 was added as a preservative.

We also measured vertical profiles of the water temperature, conductivity, and pH

using a multiparameter sonde (600XLM, YSI). In this study, we defined epilimnion

as the warmer surface mixed layer where the vertical temperature gradient does not

exceed 1.2 �C m�1 (Urabe et al. 2011). For analyzing water chemistry, lake water

was also collected at three depths from the epilimnion in stratified lakes or at one to

three depths from the entire water column in unstratified lakes. The lake water

collected from different depths was mixed evenly to create a single integrated

sample and stored for analyses.

6.3.2 Water Sample Analyses

For all lakes examined, partial pressure of CO2 ( pCO2, μatm) in surface water

samples was estimated from the molar concentration of dissolved CO2 ([CO2]aq,

μmol/L) and Henry’s law constant (μmol L�1 atm�1) proposed by Weiss (1974).
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The [CO2]aq was determined from the DIC concentration (TOC 500, Shimadzu

Corp.), pH, and dissociation constants (K1 and K2) recommended by DOE (1994).

The δ13C-DIC was determined using a vapor phase equilibration technique

according to Miyajima et al. (1995). The sealed water samples were acidified

with 0.2 mL of CO2-free phosphoric acid (30 %) and 3-mL ultrapure He was then

added to create a headspace. The samples were shaken vigorously and left at

constant temperature for >24 h to equilibrate. A portion of the headspace gas

was injected into a GC/C/IRMS (MAT-252, Finnigan MAT GmbH) for carbon

isotope ratio determination. The δ13C-DIC was calculated from δ13C of headspace

CO2 using the Henry’s law constant and isotopic fractionation between gaseous and

aqueous CO2 (Mook et al. 1974). δ13C-DIC (‰) was expressed using delta notation

as the parts per mil (‰) difference from the international standard (PDB) for the

stable carbon isotope ratio.

We used the integrated, epilimnetic water samples for analyses of total phos-

phorus (TP), dissolved organic carbon (DOC), and chlorophyll a (Chl.a) concen-
trations. The TP samples were autoclaved with potassium persulfate and the

Taisetsu Mts.
Akan Mts.

Hakkoda Mts.

Hachimantai Mts.

Mt. Akita-Komagatake

Mt. Chokai

Mt. Norikura Yatsugatake Mts.

Mt. Fuji

Fig. 6.1 Map of nine mountain regions showing locations of 49 study lakes in Japan
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resultant soluble reactive phosphorus was measured using spectrophotometric

molybdenum blue method. The DOC concentration was measured using lake

water passed through a pre-combusted GF/F glass fiber filter (TOC 500, Shimadzu

Corp.). Chl.a collected onto a GF/F glass fiber filter was extracted using 90 %

acetone and measured using a fluorometer (10AU, Turner Designs Inc.) according

to Strickland and Parsons (1972).

6.3.3 Field Survey in 2007

Based on the limnological data collected from 2005 to 2006 field survey, we also

revisited 17 mountain lakes (Table 6.1). Among them, we selected nine lakes to

measure the ecosystem metabolism of epilimnetic lake waters. We also surveyed

the additional six lakes as study sites. Consequently, the ecosystem metabolism was

estimated in a total of 15 mountain lakes during July through early October in 2007

(Table 6.2). Planktivorous fish (e.g., salmonids, osmerids, and cyprinids) had been

historically introduced or continued to be introduced for commercial or recreational

use in the eight study lakes (Table 6.2). At the deepest point of each lake, we first

measured the vertical temperature profile and then collected water from the upper,

middle, and lower epilimnion. The collected water samples were evenly pooled into

10 L polyethylene containers and were used for both incubation and the analyses of

the same chemical variables as those used for the 2005–2006 survey ( pCO2, DIC,

δ13C-DIC, TP, DOC, and Chl.a). We also measured the δ13C of DOC according to

the method described by Bade et al. (2007). We acidified 1 L of GF/F filtrate water

with 1N HCl and evaporated it at 70 �C on an electric hot plate. The dried residue

after evaporation was scraped. Then, the 13C contents were analyzed using a

CF/IRMS (ANCA-GSL interfaced to a GEO20-20IRMS, Sercon Ltd.).

We also collected zooplankton by vertical hauling of the water column of

epilimnion with a 100-μm mesh plankton net. The quantitative samples were

preserved immediately in Lugol’s solution for enumeration by microscopy. Addi-

tional zooplankton samples were collected, transported alive to the laboratory, and

sieved through a 200-μm Nytal mesh. The macroplankton fraction (>200 μm) was

sorted under a microscope. Each taxon was stored frozen for later analysis of

enzymatic activity of the electron transport system (ETS).

6.3.4 Metabolic Measurements

We estimated the primary production and respiration rates in epilimnetic lake

waters based on dissolved O2 (DO) change in light and dark bottles. The integrated,

epilimnetic water samples were sieved through a 200-μm Nytal mesh to remove the

macroplankton fraction (Fmacro). The filtrates (F<200) were fractionated further

through a 2-μm Nuclepore filter using a reverse filtration device (Dodson and
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Thomas 1964) to obtain a picoplankton fraction (Fpico). The F<200 and Fpico

fractions of lake waters were incubated to determine their metabolic rates.

We carefully siphoned the F<200 lake water into eight to ten light bottles

(300-mL BOD bottles) through a Tygon tube. These light bottles were incubated

for 4–6 h at various irradiance levels of photosynthetically active radiation (PAR,

400–700 nm; range ¼1–800 μmol quanta m�2 s�1), as established using cheese-

cloths. To estimate the respiration rates, we filled 300-mL dark bottles with each of

the F<200 and Fpico lake waters (n¼ 2–3 for each fraction) and incubated them for

12–24 h. Additionally, we siphoned each of the F<200 and Fpico lake waters into

300 mL initial bottles (n¼ 2–3 for each) and incubated them for 15–60 min.

Incubations were performed either in situ using a drifting buoy (lake nos. 17, 20,

21, 27, 30, 31; see Table 6.2) or in the laboratory at in situ temperatures in each lake

(lake nos. 38–42 and 46–49). The photon flux density inside the bottles was

estimated by multiplying the ambient irradiance measured using an underwater

spherical quantum sensor (LI-193SA, Li-Cor Inc.) with the attenuation coefficients

of cheesecloth and borosilicate BOD bottles.

We determined the DO concentrations in the light, dark, and initial bottles using

a high-precision Winkler method developed by Carignan et al. (1998). The preci-

sion of this method (up to 2 μg/L) is sufficient to estimate the planktonic metabo-

lism of unproductive lakes. We titrated whole bottles after approx. 24 h of Winkler

reagent additions using an automated precise titrator (798 MPT, Metrohm AG). The

dark bottle DO consumption in the Fpico fraction from the initial bottles was

determined as the picoplankton respiration rate (Rpico; μgO2 L
�1 h�1). Similarly,

we determined the DO consumption of F<200 water (R<200). The respiration of 2- to

200-μm microplankton fraction (Rmicro) was then calculated as the difference

between R<200 and Rpico. The light bottles were used to determine the epilimnetic

primary production (μgO2 L
�1 h�1). The net production (Pn) was estimated from

the DO evolution of light bottles relative to the initial bottle DO concentration. The

gross production (Pg) was calculated as the sum of Pn and R<200, with the assump-

tion that macroplankton fraction (F>200) does not contain autotrophic organisms.

The chlorophyll-specific productivity, PB (μgO2 μg-chl.a�1 h�1), was then deter-

mined by dividing Pg (μgO2 L
�1 h�1) by Chl.a (μg-chl.a/L).

6.3.5 ETS Activity of Macroplankton

We estimated the respiration rate of macroplankton (F>200 fraction) from their ETS

activity (ETSA), as measured in vitro by quantifying the enzymatic reduction of an

artificial electron acceptor (INT: 2-p-iodophenyl-3-p-nitrophenyl-5-phenylte-
trazolium chloride; Packard 1985; Arı́stegui and Montero 1995). Following the

protocol presented by Båmstedt (2000), the samples of macrozooplankton species

(3–30 mg wet weight) were homogenized in an ETS reagent (1–3 mL) and were

incubated for 1 h at 40 �C. The resultant reduced INT (formazan) was quantified by

measuring its absorbance at 475 nm using a spectrophotometer. Because 1 mol of
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formazan corresponds to 0.5 mol of O2, the corresponding oxygen utilization per

unit weight of organisms (μgO2 used/mg wet weight) was calculated as

ETSA ¼ 16C
V

1000

1

L

1

W
; ð6:1Þ

where C is the concentration of formazan (μM), V is the final reagent volume (mL),

L is the cell length of the cuvette (cm), and W is the wet weight of zooplankton

samples. The estimates of ETSA obtained were converted to the respiration rates

(Rmacro) using a factor of 2 for R/ETSA ratio according to Båmstedt (2000). Then,

they were multiplied by the epilimnetic biomass of each species to obtain the

respiration rates of macroplankton (Rmacro; μgO2 L
�1 h�1).

6.3.6 Daily Metabolic Rates

We converted the metabolic rates (Pg, Rpico, Rmicro, and Rmacro) in oxygen units

(μgO2 L
�1 h�1) to carbon units (μgC L�1 h�1) using a photosynthetic quotient of

1.25 and a respiratory quotient of 0.80. The community respiration (CR; mgC m�3

day�1) was determined as the sum of Rpico, Rmicro, and Rmacro. We calculated the

daily rates of epilimnetic water column gross primary production (GPPepi; mgC

m�2 day�1) from the following model integrated over epilimnion depth (zepi) and
time as

GPPepi ¼
ðzepi

0

ðsunset

sunrise

PB z; tð ÞChl:adtdz; ð6:2Þ

where PB (z,t) is the chlorophyll-specific productivity (mgC mg-chl.a�1 h�1) at

depth z at time t and Chl.a is the mean chlorophyll concentration in epilimnion

(mg-chl.a/m3; see Fig. 6.2). PB (z,t) was estimated from the P–I curves and PAR

irradiance (I ) at depth z at time t. The P–I curve for each study lake was modeled

using the following formula (Platt et al. 1980, Fig. 6.2a):

PB ¼ Ps 1� e�αI=Ps

� �
e�βI=Ps ; ð6:3Þ

where α is the initial slope of the P–I curve (mgCmg-chl.a�1 h�1 (μmol quanta m�2

s�1)�1), β is the photoinhibition parameter (same units as α), I denotes the PAR

irradiance (μmol quanta m�2 s�1), and Ps is a parameter with a relation to the

maximum rate of chlorophyll-specific productivity (PB
max) described as
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PB
max ¼ Ps

α

αþ β

� �
β

αþ β

� �β=α

: ð6:4Þ

The diurnal change of PAR irradiance in the water column of epilimnion was

calculated from the surface PAR irradiance I(0) and the water column extinction

coefficient of incident light (Kd). We applied the equation of FITSOLAR model

(Fee 1990) to the sampling date and location of each study lake to estimate the I
(0) value (Fig. 6.2b). The extinction coefficient Kd was estimated from the vertical

profile data of PAR taken at each sampling date for each lake as

I zð Þ ¼ I 0ð Þe�Kdz; ð6:5Þ

where I(z) is the irradiance at depth z (Fig. 6.2c). For a comparison of productivity

among lakes with different epilimnion depths (zepi), the mean volumetric rates of

gross primary production rates (GPP; mgC m�3 day�1) were calculated by dividing

GPPepi by zepi (Fig. 6.2d).
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Fig. 6.2 Examples of modeled productivity and irradiance in two study lakes (gray and solid line,
Lake Shibire; black and dashed line, Lake Onuma). (a) P–I curves showing the relationships

between PAR irradiance and chlorophyll-specific productivity of epilimnetic plankton communi-

ties. (b) Diurnal change of PAR irradiance at the water surface of study lakes. The values are

estimated using the FITSOLAR model (Fee 1990). (c) Estimated vertical profiles of PAR

irradiance in water column environments. (d) Daily rates of volumetric gross primary production

in water column environments
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6.3.7 Models of Metabolic Rates

We develop the empirical models that describe epilimnetic metabolic rates (GPP

and CR) of mountain lakes. Temperature, light, phosphorus, and DOC (i.e., a

surrogate for water color) are known to influence planktonic GPP in mountain

lakes (Hanson et al. 2003; Karlsson et al. 2009; Solomon et al. 2013). Therefore, we

modeled GPP as the function of water temperature, TP, DOC, and PAR as follows:

GPP ¼ GPPmaxe
E T�T20ð Þ=kTT20TPaDOCb dPARc; ð6:6Þ

where GPPmax is the maximum rate of GPP at a standardized temperature 20 �C
(T20, K), exp E T � T20ð Þ=kTT20ð Þ denotes the Boltzmann factor describing the

temperature dependence of GPP (Gillooly et al. 2001), E represents the activation

energy (eV), k is the Boltzmann’s constant (8.62� 10�5, eV/K), T is the mean water

temperature of epilimnion (K), and a, b, and c, respectively, denote the fitted

constants for TP, DOC, and the daily mean of water column PAR (dPAR, mol

quanta m�3 day�1).

We constructed eight candidate models in which the combinations of TP, DOC,

and PAR terms differed, although the temperature dependence term remained for

all models (Table 6.3). The candidate models were first linearized by taking the

natural logarithm of both sides of the equation. Then, the parameter values

(GPPmax, E, a, b, and c) were adjusted using the nonlinear least squares method.

We used the lowest AIC to choose the best-fitting model describing the GPP

pattern.

We also constructed a model for CR using the Boltzmann factor and a power

function of limiting resources as

CR ¼ CRmaxe
E T�T20ð Þ=kTT20TPaDOCb; ð6:7Þ

where CRmax is the maximum CR at 20 �C.We assumed that TP (a possible limiting

element of aquatic metabolism) or DOC (a major substrate of heterotrophic respi-

ration) is a critical limiting resource for respiratory activity of planktonic commu-

nities (Hanson et al. 2003; Karlsson et al. 2009; Solomon et al. 2013). As the GPP

models, we constructed four candidate models for CR to find the parameter values

(CRmax, E, a, and b) of the model best fitting the variation of epilimnetic CR

(Table 6.3).
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6.4 Patterns of Organic and Inorganic Carbon Inputs

to Mountain Lakes

The present results revealed that lake morphometry, rather than surrounding catch-

ment vegetation, largely determines the source and concentration of organic carbon

of mountain lakes. Geomorphic analyses for the study lakes showed the power

relationship of the surface area with its catchment area (Fig. 6.3a). Moreover, the

exponent of such a power relationship was less than 1 (AC/ AL
0.67). As a result, the

drainage ratio, the ratio of catchment area to lake surface area, decreased concom-

itantly with increasing lake area (AC/AL / AL
�0.33; Fig. 6.3b). This result implies

that small lakes have larger catchment area per unit lake surface area, from which

we can predict that the influence of organic matter flux from terrestrial ecosystems

on lake water chemistry and on aquatic communities is relatively strong in small

mountain lakes.

In fact, high epilimnetic dissolved organic carbon (DOC) concentrations were

found in small lakes regardless of lake types defined by the surrounding vegetation

(i.e., alpine, subalpine, vs. montane lakes, Fig. 6.4a; one-way ANOVA, F2,67¼ 1.6,

p¼ 0.22). In addition, δ13C-DOC showed almost constant values (about �27‰),

which were consistent with terrestrial C3 plants (Fry 2006) across the wide range of

lake sizes (Fig. 6.4b). Consequently, it can be considered that DOC in mountain

lake ecosystems is predominantly terrestrial origin, and small lakes receive waters

from terrestrial ecosystems with higher DOC concentration. The negative relation-

ship between lake size and terrestrial DOC or the positive relationship between

drainage ratio and terrestrial DOC is likely to be a general pattern often seen in the

oligotrophic lakes of many regions (Rasmussen et al. 1989; Gergel et al. 1999;

Sobek et al. 2003). These relationships might be attributed to the fact that smaller

Lake area  (m2)

C
at

ch
m

en
t a

re
a 

 (m
2 )

10 10 10 10 10 10 10 10
2 3 4 5 6 7 8 9

10

10

10

10

10

10

10

10

3

4

5

6

7

8

9

10A

Lake area  (m2)

D
ra

in
ag

e 
ra

tio

10 10 10 10 10 10 10 10
2 3 4 5 6 7 8 9

10

10

10

10

10

10

-1

0

1

2

3

4B

Fig. 6.3 Relationships between the lake surface area and catchment area (a) and between the lake

surface area and drainage ratio (b) of alpine lakes (circles), subalpine lakes (triangles), and
montane lakes (squares) in the study area (Data from other Japanese major lakes (crosses) are
also shown)

130 T. Iwata et al.



lakes with high drainage ratios tend to receive waters that have relatively greater

contact with organic matter in terrestrial ecosystems during its path to a lake.

In contrast to the pattern of DOC, the dissolved inorganic carbon (DIC) concen-

tration showed a positive relationship with lake size (Fig. 6.4c). The isotopic result

also showed that δ13C-DIC increased concomitantly with lake size (Fig. 6.4d).

Particularly, the largest lakes (area¼ ~107m2) exhibited δ13C-DIC values close to the

atmospheric isotopic equilibrium value (i.e., ~0 per mil at pH 7–8). These patterns of

δ13C-DIC values are accord well with those reported from a previous study that

showed the similar lake-size-dependent change in δ13C-DIC values in lakes from

diverse regions of theworld (Bade et al. 2004). Several ecological and biogeochemical

factors may explain these patterns. First, the gas exchange rate across the air–water

interface may be higher in large lakes because of high wind speeds, which may

account for the increase of δ13C-DIC with lake surface area to the atmospheric

equilibrium value (Bade et al. 2004). Second, high photosynthetic rates in large

lakes are likely to contribute to the net uptake of atmospheric CO2 by epilimnetic

waters, although our metabolic measurements revealed no pattern of the lake-size-

dependent increase in NEP (simple linear regression analyses between log10 (lake
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area) and NEP, R2¼ 0.004, p¼ 0.86, n¼ 11). Third, large lakes situated in lower

catchments might receive greater inputs of groundwater with high amounts

of bicarbonate (HCO3
�) because HCO3

�, the dominant carbonate species of DIC

(¼ CO2 + HCO3
� + CO3

2�) at around neutral pH (Stumm and Morgan 1996), is

often generated by chemical weathering in catchments (Hartmann 2009; Iwata

et al. 2013). Actually, the δ13C value of bicarbonate weathered from carbonate

rocks is usually higher than that of CO2 (Bade et al. 2004). Therefore, δ13C-DIC
might increase in response to the increase of HCO3

� with lake size.

In small mountain lakes, however, the concentration and δ13C value of DIC were

generally low. Especially, δ13C-DIC of the smallest lakes (area ¼ 102–103 m2)

showed isotopic signatures close to terrestrial DOC (about �27‰, Fig. 6.4d). This

result suggests that the relative increase in 13C-depleted inorganic carbon in small

lakes originated mainly from the decomposition of terrigenous organic matter.

Considering the facts that δ13C-DIC decreased quasi-exponentially with the

increase of lake water pCO2 (Fig. 6.5) and that more than half of the lakes were

supersaturated in pCO2 (38 out of the 64 measurements, median¼ 515 μatm;

Fig. 6.5), the flux of terrestrial organic matter from the surrounding catchments

generally increases the load of 13C-depleted CO2 through ecosystem respiration

toward the level higher than photosynthetic rates in small mountain lakes. Previous

studies also reported that terrestrial subsidies increase both heterotrophic respira-

tion and CO2 evasion in unproductive lakes (Lennon 2004; Karlsson et al. 2007,

2012; Jansson et al. 2008; Berggren et al. 2010; Scharnweber et al. 2014). We

therefore infer that the carbon cycling (input, assimilation, trophic transfer, and

respiration) in mountain lakes is dominated by terrestrially derived organic matter.

The lake size largely determines the degree of trophic dependence of lake commu-

nities on such allochthonous supply from terrestrial catchments.
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6.5 Patterns of Metabolic Rates in Mountain Lakes

The subsidy concept describing the effects of allochthonous resource inputs on the

structure and functioning of recipient ecosystems predicts that the flux of terrestrial

organic matter often shifts the trophic balance of unproductive aquatic ecosystems

to net heterotrophy by increasing the respiration of heterotrophic organisms (i.e.,

negative net ecosystem production, NEP¼ GPP – CR<0; Duarte and Agustı́ 1998;

Cole et al. 2000; Hanson et al. 2003). However, the present study revealed that

epilimnetic water of mountain lakes were net autotrophic or exhibited approximate

balance between GPP and CR (Fig. 6.6). We used the high-precision Winkler

titration method to measure the community metabolism in mountain lakes, which

showed that the volumetric rates of GPP and CR were 20–435 mgC m�3 day�1

(median ¼ 48 mgC m�3 day�1) and 8–333 mgC m�3 day�1 (median ¼ 52 mgC

m�3 day�1), respectively (Table 6.2). These rates are low, comparable to those of

other high-elevation lakes (Sadro et al. 2011) or oligotrophic lakes (Carignan

et al. 2000). We examined the relationships between volumetric GPP and CR at

three light conditions because GPP varies with the cloud cover conditions (Fig. 6.6).

The results showed that the volumetric GPP and CR were tightly coupled each other

(Fig. 6.6), as observed in many unproductive lakes (Carignan et al. 2000; Hoellein

et al. 2013; Solomon et al. 2013). Furthermore, the epilimnetic waters of most lakes

were supersaturated in pCO2 with respect to the atmosphere (8 out of the 11 study

lakes; see also Urabe et al. 2011). Despite these facts, however, epilimnetic GPP

was generally greater than or almost equal to CR regardless of the cloud cover

conditions (Fig. 6.6), implying that the respiratory release of CO2 by epilimnetic

communities did not exceed the CO2 fixation by primary producers. These results

argue against the prediction that terrestrially derived organic matter provides

significant subsidies to heterotrophic plankton metabolism.

Recent studies have increasingly identified significant temporal and spatial

variations in the planktonic metabolism (GPP, CR, and NEP) within a lake (Coloso
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et al. 2008; Sadro et al. 2011; Staehr et al. 2012; Obrador et al. 2014). Particularly,

the vertical gradients of metabolism are often observed in stratified lakes; net

autotrophy (positive NEP) prevails in the epilimnion, whereas net heterotrophy

(negative NEP) tends to occur in the hypolimnion below the thermocline if the

photic zone does not extend below the mixed-layer depth. Coloso et al. (2008)

reported that despite a positive water column NEP, the overall trophic balance of a

clear-water lake is net heterotrophic (NEP), suggesting the dominance of

hypolimnetic and benthic processes in the whole ecosystem metabolism. Urabe

et al. (2011) also showed that sediment respiration is a major cause contributing to

high CO2 supersaturation and overall net heterotrophy in shallow lake ecosystems

such as mountain lakes in this study (see also Kortelainen et al. 2006). These

previous evidences correspond well with the present findings ( pCO2 supersatura-

tion and positive epilimnetic NEP), suggesting that the input of terrestrial organic

matter generally subsidizes heterotrophic metabolism of benthic and hypolimnetic

communities, which may dominate carbon cycling in mountain lake ecosystems.

6.6 Size-Specific Metabolic Rates

We found the striking size-dependent changes in epilimnetic respiration along the

productivity gradient of mountain lakes (Fig. 6.7). The fraction of picoplankton

respiration (cell size <2 μm) in community respiration decreased strongly with

increasing TP concentration (a surrogate measure of productivity). Particularly,

picoplankton overwhelmingly dominated community respiration in oligotrophic

lake waters (TP <0.32 μmol/L, Fig. 6.7c). Picoplankton primarily includes unicel-

lular cyanobacteria and heterotrophic bacteria (Wetzel 2001). Therefore, these

bacterioplankton assemblages might control organic matter breakdown processes,

especially in ultra-oligotrophic mountain lakes (TP <0.16 μmol/L). Conversely,

microplankton (body size¼ 2–200 μm; mainly eukaryotic algae, microflagellates,
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ciliates, and rotifers) showed a significant increase in their proportion of respiratory

activity with increasing TP concentration (Fig. 6.7b). These opposite trends

between picoplankton and microplankton metabolic activities suggest the existence

of strong predator–prey or competitive interactions between bacteria and eukary-

otic algae or small zooplankters (Wetzel 2001). Consequently, the increase in lake

productivity is expected to promote the relative contribution of microplankton

metabolic activities through bottom-up processes, thereby decreasing the fraction

of smaller picoplankton metabolism.

Cascading effects of planktivorous fish may also regulate the aquatic metabo-

lism. The fraction of macroplankton respiration was generally low but exhibited a

slightly decreasing trend with increasing TP concentration (Fig. 6.7a). Moreover,

when the study lakes were divided into those with and without planktivorous fish,

the macroplankton metabolism (large cladocerans such as Daphnia and calanoid

copepods such as Acanthodiaptomus) was much lower in the former lakes due to the

lower biomass under fish predation pressure (Fig. 6.8a). Conversely, the metabo-

lism of microplankton was higher in lakes with planktivorous fish, suggesting that
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fish exerted strong cascading effects on size-dependent metabolic activities

(Fig. 6.8b). The presence of planktivorous fish is known to increase the primary

production rates of algae by depressing large-bodied grazers such as Daphnia,
which in turn influence the CO2 exchange between lakes and the atmosphere

(Carpenter et al. 1985; Schindler et al. 1997; Cole et al. 2000; Parker and Schindler

2006). In this study, the effects of fish predation seemed not to extend down to the

picoplankton size class (Fig. 6.8c). However, CR tended to be somewhat higher in

fish lakes than no fish lakes, though no statistical difference was found (Fig. 6.8d).

Therefore, the introduction of planktivorous fish is likely to have triggered the

cascading trophic interactions, thereby strongly altering the food web structure and

biogeochemical cycling in the epilimnetic water of study lakes.

6.7 Factors Affecting GPP and CR in Mountain Lakes

Environmental correlates of community metabolism revealed that water tempera-

ture, substrates, and light availabilities positively influenced the GPP and CR in the

epilimnion of the mountain lakes (Table 6.3). The best-fitting model of nonlinear

equation showed that epilimnetic GPP increased with increasing water temperature,

TP, and PAR (Fig. 6.9a–c). Epilimnetic CR was greater in lakes with higher

temperature, TP, and DOC (Fig. 6.9d–f). A number of studies have also described

that TP often correlated with GPP and that DOC correlated with CR in lake

ecosystems (e.g., Schindler 1997; Hanson et al. 2003; Solomon et al. 2013). In

addition, temperature is known to regulate the rates of planktonic metabolism

through the functional dependence of biochemical kinetics on environmental tem-

perature (Yvon-Durocher et al. 2010). Moreover, a recent study has shown that light

availability can limit the lake productivity of small, nutrient-poor lakes where the

high concentration of colored terrestrial organic matter prevents vertical light

attenuation (Karlsson et al. 2009). The present results support these previous

findings, suggesting that the community metabolism of Japanese mountain lakes

may follow the general pattern observed in many of world’s unproductive lake

ecosystems.

We obtained the predictive model of GPP/CR ratio in the epilimnion by dividing

the best GPP model by the best CR model (Table 6.3) as shown below:

GPP=CR ratio ¼ 2:5e0:43 T�T20ð Þ=kTT20TP�0:48 DOC�0:55 dPAR0:43: ð6:8Þ

Based on this metabolic balance model, we obtained the predicted response curves

of epilimnetic GPP/CR ratio along the environmental gradient of mountain lakes

(Fig. 6.10). In the empirical models, temperature sensitivity is represented by the

activation energy (E), which is a minimum chemical energy necessary for a

chemical reaction to occur. Because E of GPP (1.3 eV) was estimated as higher

than CR (0.86 eV; Table 6.3), GPP increases faster than CR with the elevation of
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temperature (Fig. 6.9a, d). Consequently, the metabolic balance model yielded a

prediction that the GPP/CR ratio increases with increasing water temperature

(Fig. 6.10). Such a higher temperature dependence of primary productivity than

that of respiration contradicts the patterns observed previously in lake and oceanic

plankton communities. Yvon-Durocher et al. (2010) predicted theoretically that in

lake ecosystems, the activation energy of CR should be greater than that of GPP

under conditions where heterotrophic respiration exceeds in situ net primary pro-

ductivity (NEP). In fact, they confirmed the higher activation energy of CR

(~0.62 eV) than that of GPP (~0.45 eV) in a global warming mesocosm experiment.

In addition, Lopez-Urrutia et al. (2006) showed differential temperature scaling of

autotrophic and heterotrophic processes in a dataset of world’s oceanic plankton

communities, revealing weaker temperature dependence of photosynthetic rates

than that of heterotrophic respiration. Consequently, they assert that if sea temper-

ature rises, pelagic plankton communities would uptake less CO2, although their

predictive models are developed based on the global dataset of net primary pro-

duction and heterotrophic respiration but not on measured GPP and CR (Lopez-

Urrutia et al. 2006). We cannot ascertain why epilimnetic autotrophs of our

mountain lake ecosystems showed high activation energy of GPP compared with
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CR or with those observed in previous studies. Further ecological and physiological

studies are necessary to identify the specific characteristics of the temperature

dependence of planktonic photosynthesis and respiration of mountain lake

communities.

The model also predicts that the metabolic balance of epilimnetic communities

tends to be negative (GPP/CR <1) in higher DOC and lower light environments

(Fig. 6.10). The input of terrestrial DOC often increases the secondary production

of heterotrophic bacterioplankton and thereby promotes CO2 efflux from lake

ecosystems (Lennon 2004; Jansson et al. 2008). In addition, colored terrestrial

DOM reduces light transmittance, thereby limiting the primary productivity of

nutrient-poor lakes (Karlsson et al. 2009). Therefore, although allochthonous

organic matter seems to support only a portion of the epilimnetic plankton respira-

tion at current DOC level in this study (Fig. 6.6), the predicted future increase of

DOC inputs accelerated by warmer climate (Weyhenmeyer and Karlsson 2009) is

likely to shift epilimnetic communities from net autotrophic to net heterotrophic

communities (i.e., excess respiration over photosynthesis). In fact, the DOC con-

centration in our study lakes is comparatively low (range¼ 0.6–7.9 mg/L,

median¼ 1.6 mg/L; Table 6.1) as compared to those in lakes of other regions

where strong net heterotrophy and high pCO2 supersaturation were observed

(Hanson et al. 2003; Sobek et al. 2003; Lennon 2004; Jansson et al. 2008;

Weyhenmeyer and Karlsson 2009; Karlsson et al. 2012). We therefore expect that

the increased supply of terrestrial organic matter and resultant low light penetration

may enhance the degree of allochthony of epilimnetic food webs, which in turn may

decrease their reliance on planktonic and benthic primary productivity in mountain

lakes. It is noteworthy that prediction of how much change will occur in DOC

concentration of Japanese lakes with temperature rise is extremely difficult. In

boreal lakes of Sweden, however, a rapid increase of DOC concentration associated

with the increase of growing and runoff season (the number of days with air

temperature exceeding 0 �C) was observed; lake DOC concentration increased by
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~0.2 mg/L when the growing and runoff season was extended one day longer by the

elevation of temperature (Weyhenmeyer and Karlsson 2009).

The strong effects of allochthonous dissolved organic matter on epilimnetic lake

food webs, however, may be restricted to heterotrophic microbes in small mountain

lakes with high DOC concentration. Pace et al. (2007) demonstrated that the energetic

contribution of allochthonous organic carbon in a large clear-water lake is not

substantial and that autochthonous organic carbon from in situ primary production

largely supported the secondary production of many consumers such as bacterio-

plankton, copepods, cladocerans, andChaoborus spp. Cole et al. (2002) also estimated

that in a small humic lake, terrestrially derived dissolved organic carbon substantially

subsidized the respiration of planktonic bacteria, but little of this organic matter was

transferred to higher trophic-level consumers. This is because bacterial growth effi-

ciency (BGE) is generally extremely low (del Giorgio and Cole 1998) and most

organic carbon taken up by microbes is respired before being passed on to higher

tropic levels. Consequently, bacterial biomass canmeet only a small fraction of carbon

demand of zooplankters (see alsoCole et al. 2006; Karlsson et al. 2012), although low-

molecular-weight dissolved organic compounds (organic acids, free amino acids, and

simple carbohydrates) exported from forested watersheds can support a part of

protozoan and metazoan secondary productions (Berggren et al. 2010). Moreover,

even in nutrient-poor brownwater lakes (dystrophic lakes), where primary production

is limited under low nutrient and light availabilities, photosynthetic autotrophs can be

themain basal resource of pelagic and benthic consumers (Lau et al. 2014). Therefore,

increased inputs of terrestrial DOC bywarmer climate will increase the allochthony of

heterotrophic bacterioplankton, but most such organic matter will be respired to

carbon dioxide. Instead, autochthonous carbon may dominate the organic matter

transfer to higher trophic levels in warmer environments because higher trophic-

level consumers may rely mainly on autotrophic resources from GPP, which will

respond more rapidly than CR to a temperature rise (Figs. 6.9 and 6.10).

6.8 Conclusion

This study revealed that mountain lake ecosystems are linked strongly to their

surrounding catchments through the flux of terrestrial organic matter. Particularly,

the effects of such terrestrial subsidy tend to be significant in small lakes with high

drainage ratios, where allochthonous organic matter predominates the carbon

cycling in epilimnetic water. However, our results revealed that the metabolic

balance of epilimnetic lake waters is net autotrophic or approximately in balance

between GPP and CR, suggesting that allochthonous organic matter generally

subsidizes benthic and hypolimnetic communities in small mountain lakes. We

also developed an empirical model for the pattern of epilimnetic metabolism

balance (GPP/CR ratio), which predicts that the GPP/CR ratio increases with

temperature but decreases with DOC concentration. Mountain lakes are now

expected to undergo a considerable increase of water temperature and DOC
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concentration associated with ongoing global warming (Parker et al. 2008;

Weyhenmeyer and Karlsson 2009; Kissman et al. 2013). We expect, based on the

present empirical model, that increased inputs of terrestrial DOC will increase the

allochthony of planktonic, heterotrophic microorganisms, but warmer temperature

will also stimulate in situ primary productivity, which will then increase the flux of

autochthonous organic carbon to higher trophic levels. Consequently, it can be

concluded that climate change may increase carbon flow from both autochthonous

and allochthonous pathways in epilimnetic communities of unproductive small

mountain lakes, directly through the functional dependence of community metab-

olism on the projected increase of temperature and indirectly through the increased

supply of terrestrial organic matter from lands to lakes. The degree of future

changes in both lake water temperature and DOC concentration may determine

whether the metabolic balances of lake planktonic communities are driven to net

autotrophy or net heterotrophy. If lake environments will change to the upper right

corner along the curve of counter lines in the middle panel of Fig. 6.10, no

significant change is expected to occur in the metabolic balance of epilimnetic

communities, even in higher temperature and DOC conditions. However, to fore-

cast future changes in the metabolic balance of mountain lake ecosystems, more

detailed predictive models of lake water temperature and DOC concentrations are

necessary. Finally, further quantitative studies of metabolism of deep-layer com-

munities, such as benthic and hypolimnetic environments, are also necessary for the

accurate prediction of the changes in the whole-scale carbon flux of mountain lake

ecosystems in response to future climate change.
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Chapter 7

Planktonic Bacterial Communities

in Mountain Lake Ecosystems

Masanori Fujii, Toshihide Hirao, Hisaya Kojima, and Manabu Fukui

Abstract Mountain lakes are thought to be sensitive to environmental changes,

and bacterioplankton in these lakes may be suitable for monitoring the effects of

global climate change. In this chapter, we discuss characteristics of the environ-

mental conditions and bacterioplankton communities in mountain lakes, by inte-

grating the results of our survey conducted in Japanese mountain lakes with the

knowledge from previous studies. Mountain lakes have some characteristics, which

can affect bacterioplankton communities significantly. There are some taxonomic

groups of bacteria dominant in mountain lakes, such as the genus Polynucleobacter.
These groups are also abundant in freshwater environments in low altitudes and

regarded as cosmopolitans widely distributed in global freshwater environments.

For some of these bacteria, their dominance in mountain lakes can be partially

explained by their physiological characteristics. In addition to the environmental

filtering illustrated by the dominance of these bacteria, community assembly of

bacterioplankton in mountain lakes may also be regulated by other processes,

including dispersal limitation and evolutionary constraint.

Keywords Alpine lake • Bacterioplankton • Community assembly • Humic

substance • Polynucleobacter

7.1 Introduction

Mountain lakes have been recognized as an ecosystem that is particularly sensitive

to global climate change (Williamson et al. 2008; Adrian et al. 2009). The rise in the

average temperature of the Earth shifts the timing of freezing and melting of surface

water during the annual cycle and reduces the ice-covered period in high mountain

lakes (Magnuson et al. 2000). The associated seasonal changes in the light climate
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may alter ecosystems in the lacustrine water column. The rapid change in average

temperature has a strong indirect impact on the water chemistry of alpine lakes,

through enhanced weathering and biological activity (Sommaruga-W€ograth
et al. 1997). Vegetation shifts associated with changing temperature may also

indirectly affect ecosystems in mountain lakes because lake water body environ-

ments are closely related to the environments within the catchments (Grabherr

et al. 1994; Keller et al. 2000). Furthermore, global desertification and land use

changes in lowland areas have increased airborne dust containing large quantities of

nutrients, such as nitrogen and phosphorus (Prospero and Lamb 2003; Moulin and

Chiapello 2006; Neff et al. 2008), thereby altering the trophic conditions in various

inland water systems, especially oligotrophic mountain lakes (Baron et al. 2000;

Morales-Baquero et al. 2006).

In mountain lakes, bacteria may be the most suitable organisms for monitoring

the effects of global climate change. First, bacteria inhabit almost all environments

on Earth, even high alpine lakes located more than 5000 m above sea level (Liu

et al. 2006, 2009, 2011), where most other organisms cannot survive. Second, their

diversity and activity are highly sensitive to changes in environmental conditions

due to their short generation time and fine niche partitioning (e.g., Gl€ockner
et al. 2000; Crump et al. 2003; Liu et al. 2013). These ecological features may

allow for real-time monitoring of the effects of global climate change. In aquatic

ecosystems including mountain lakes, a dominant functional group among the

bacterial communities is heterotrophic bacterioplankton, which play two important

roles. First, as a decomposer, this group consumes a variety of organic remains.

Second, this group assimilates dissolved organic carbon (DOC) derived from the

surrounding terrestrial regions. The latter is a key step in carbon flow referred to as

the “microbial loop,” which has been recognized as an important carbon pathway in

various aquatic ecosystems (Azam et al. 1983; Tranvik 1992). This is especially

true in oligotrophic aquatic systems, such as mountain lakes, where participants in

the microbial loop play an important role as primary producers in place of

phototrophic organisms (Karlsson et al. 2002). Therefore, elucidating the charac-

teristics of bacterioplankton community composition (BCC) and function is impor-

tant to understanding not only the effects of global climate change but also the role

of bacterioplankton in mountain lake ecosystems. Unfortunately, little information

regarding bacterioplankton in mountain lakes in the Japanese Archipelagos is

available.

In this chapter, we focus on the characteristics of bacterioplankton in mountain

lakes located in the mountainous regions of Eastern Japan. We investigated

41 mountain lakes in the summers of 2005, 2006, and 2007 (Fig. 7.1). By integrat-

ing the results of our survey of Japanese mountain lakes with the knowledge from

previous studies, we discuss the following topics. (1) What are the characteristics of

the environments in mountain lakes, and how do the environmental conditions

influence bacterioplankton? (2) What taxonomic groups of bacterioplankton are

found in mountain lakes, and what are they doing there? (3) What factors are

important to determine diversity and community composition of bacterioplankton?
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Finally, integrating the discussions of each topic, we discuss the future perspective

of microbial ecology focusing on mountain lakes.

7.2 Physicochemical and Biological Environments

of Mountain Lakes

7.2.1 Characteristics of Mountain Lakes

Most mountain lakes are characterized by their small size, with the exception of

large artificial reservoirs (dam lakes) and crater lakes. This is due to the complex

topography of mountainous regions. These small lakes tend to have short retention
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Fig. 7.1 Maps showing the locations of 41 mountain lakes of eastern Japan surveyed in the

summer of 2005, 2006, and 2007
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time, which can affect community structure of planktonic bacteria. In mountain

lakes of Nepal, Sommaruga and Casamayor (2009) found a strong negative corre-

lation between taxonomic richness of bacterioplankton and ratio of catchment to

lake area. They regarded this ratio as an indicator of water retention time and

suggested that many bacterial taxa would remain under the detection limit in lakes

with short retention time (i.e., lakes with large ratio). Focusing on small mountain

lakes has permitted modeling systems to understand the ecological functioning of

this mountainous region and its vulnerability to global climate change (Williamson

et al. 2008; Adrian et al. 2009). The main reason for this vulnerability is that small

lakes with a poor buffering capacity are highly sensitive to the changes in external

environment. This aspect may affect the community composition and functions of

bacterioplankton of mountain lakes. For instance, inputs from terrestrial environ-

ments contain large amounts of humic substances, as well as microbial cells. These

substances and organisms probably affect both the dominant metabolisms and the

community compositions of bacterioplankton in lake ecosystems (Glaeser

et al. 2010; Crump et al. 2012).

Oligotrophic conditions in the trophic status are also a distinctive characteristic

of mountain lakes. In Japanese mountainous regions, more than half of the lakes

investigated were oligotrophic (Fujii et al. 2012). The reason for oligotrophy in

these lakes is probably due to an insufficient supply of phosphorus from outside of

the lakes. The phosphorus supply is largely affected by the extent and land use

(including vegetation type) of the catchment area, which change with elevation. In

the Japanese mountain lakes, elevation negatively correlated with total phosphorus

(TP) and chlorophyll a concentrations, both of which are indicators of trophic status
(Fujii et al. 2012). Conversely, Karlsson et al. (2001) showed that elevation does not

always determine the TP values. Furthermore, some lakes have been reported to

exhibit eutrophic conditions despite their classification as high mountain lakes. For

example, Lake Victoria in East Africa is located at an elevation of 1134 m above

sea level but exhibits a eutrophic condition caused by land exploitation for agri-

culture and forest burning in the lake surroundings (Scheren et al. 2000). Certain

parts of Lake Titicaca, where sewage flows into the lake, have also been eutrophic,

despite the alpine lake’s elevation of 3803 m (Vincent et al. 1984). As in the cases

of these two mountain lakes, several Japanese mountain lakes were also directly

exposed to anthropogenic impacts and consequently exhibited remarkably higher

TP values compared with the other mountain lakes (Fujii et al. 2012). Therefore, the

oligotrophic state in high-elevation lakes may be closely related to how isolated

they are from human activity rather than the elevation itself.

In addition to the small size and oligotrophic conditions of alpine lakes, the solar

radiation is an influential component. In general, the amount of solar radiation

increases with altitude (Blumthaler et al. 1997); thus, its effects on ecosystems can

be presumed to be more important in higher elevation regions. In lakes located

above the tree line, solar radiation directly penetrates the water column because the

presence of tall trees does not block the solar radiation. Furthermore, the high

transparency of the water column in an oligotrophic state allows the solar radiation

to penetrate deeper into alpine lakes. Karlsson et al. (2002) observed markedly
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higher values of ultraviolet-B (UV-B) penetration into lake water in high alpine

lakes, in comparison to other lakes below tree line. In addition, they also observed

that neither the effective light climate for photosynthetically active radiation nor

UV-B radiation showed an association with elevation, based on an investigation of

Swedish mountain lakes. Therefore, the effect of solar radiation on alpine lakes may

be depending largely on relative position against tree line, rather than elevation

itself.

Another characteristic shared by most mountain lakes is the absence of fish. In

general, the distribution of fish is mainly determined by hydrographic history in

inland water systems. The active migration of fish from a low to a high elevation

without artificial transportation is generally difficult. Consequently, the absence of

fish has often been observed in mountain lakes (Bahls 1992). Fish do not utilize

bacterioplankton directly, but affect planktonic bacteria indirectly via trophic

cascades involving protozoa and metazoan zooplankton. The primary predators of

bacterioplankton in various aquatic environments are protozoa, such as ciliate and

heterotrophic nanoflagellates (Callieri et al. 2006). They are known to prey on

specific taxonomic groups of bacterioplankton (Jürgens et al. 1999; Jardillier

et al. 2004; Posch et al. 2007). These protozoa are major diet of metazoan zoo-

plankton (Sanders and Wickham 1993), which are often preyed by fish. Therefore,

the presence/absence of fish may alter the taxonomic composition of bacterio-

plankton and the abundance of each taxon.

7.2.2 Temporal Variation of Environmental Conditions

The seasonal dynamics of freshwater environments have a strong impact on

bacterioplankton communities. In early spring, melting snow provides a large

quantity of nutrients to lakes and consequently increases the primary production

of photosynthetic organisms (Crump et al. 2003). The synthesized organic sub-

stances by primary producers are known to enhance the abundance of specific

taxonomic groups, such as Alphaproteobacteria and Bacteroidetes (Eiler and

Bertilsson 2004; Jardillier et al. 2004). The formation and collapse of thermal

stratification are major seasonal events observed in many lakes. These events

cause nutrient depletion at the surface of the lake during stratification and nutrient

supply from the hypolimnion via mixing of lake water after the collapse of

stratification, both of which influence the activity of certain specific bacterial taxa

(Teresa Pérez and Sommaruga 2011; Liu et al. 2013). These large impacts of

seasonal environmental dynamics on bacterioplankton communities have been

reported not only in mountain lakes but also in other freshwater environments

located at lower elevations.

On the other hand, some seasonal dynamics are prominent specifically in

mountain lakes. The surface water of mountain lakes freezes during winter because

of the small size and low temperature in high-elevation regions (Alfreider

et al. 1996). This “ice cover” has a crucial role in community composition and
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the activity of bacterioplankton due to the prevention of solar radiation and atmo-

spheric deposition entering the lake water (Panzenb€oeck 2007; Liu et al. 2013). Liu
et al. (2013) reported that a lower abundance of bacterioplankton was observed

during the ice-covered period, and the seasonal change in bacterioplankton abun-

dance was associated more with water temperature and phytoplankton abundance

than nutrients in Lake Namco in the central Tibetan Plateau. Llorens-Marés

et al. (2012) also found a low abundance but high diversity of bacterioplankton

during the ice-covered period in Lake Redon located in the Pyrenees, Spain. For

Japanese mountain lakes, we found a large mass of ice floating at the surface of

several lakes, despite the fact that the survey was conducted during the summer,

implying that these lakes are influenced by ice cover during the winter.

Another event with a seasonal pattern is the aeolian dust deposition, which can

transport various minerals and nutrients to isolated locations (Kellogg and Griffin

2006). Several studies have demonstrated that aeolian dust may serve as a nutrient

source of phytoplankton in oceanic waters (e.g., Duarte et al. 2006). In mountain

lakes, there is no supply of nutrients from outside of the lake except for rain- and

snowfall because most of these lakes are isolated from anthropogenic impacts.

Therefore, supply of nutrients from aeolian dust may have a large impact on

mountain lakes (Mladenov et al. 2011; Nelson and Carlson 2011). In the Japanese

Archipelagos, aeolian dust originating from the deserts in East Asia is transported

by the Westerlies (Yamaguchi et al. 2012). Therefore, Asian dust may bring about

seasonal changes in the nutrient conditions of Japanese mountain lakes and affect

bacterioplankton communities.

Besides the seasonal changes, environmental conditions may vary from year to

year. To understand the differences in environmental conditions (pH, electric

conductivity, and chlorophyll a) and their effects on bacterioplankton community

composition (BCC) from year to year, we conducted surveys in ten Japanese

mountain lakes in the summer of 2005 and 2007. The BCCs were analyzed using

the PCR-DGGE method, and community dissimilarity between the lakes was

calculated using the Jaccard index based on the presence/absence of DGGE

bands. As a result, similar patterns in BCC between 2005 and 2007 were demon-

strated (Fig. 7.2), even though the environmental conditions were different for each

year. However, a significant negative correlation was observed between the differ-

ences in dissolved organic carbon (DOC) concentrations and community dissimi-

larity of bacterioplankton (Table 7.1). This negative correlation means that large

differences in DOC concentrations were associated with similar BCCs. The lakes,

in which large changes in DOC were observed, contained higher concentrations of

DOC compared to the other lakes. Hence, this result can be rephrased to state that

BCCs were stable in the lakes with high DOC concentrations, even though the

concentrations varied largely from year to year. Therefore, this result suggests that

DOC concentrations greater than a certain threshold may determine the BCC

strictly.
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Fig. 7.2 Dendrograms from hierarchical clustering applied to the Jaccard dissimilarity matrix of

presence/absence data, based on denaturing gradient gel electrophoresis profiles of bacterio-

plankton community compositions in ten Japanese mountain lakes surveyed in 2005 (a) and

2007 (b)
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7.2.3 Spatial Heterogeneity of Environmental Conditions

In many aquatic ecosystems, formation of thermal stratification brings about ver-

tical heterogeneity of environmental conditions in a water body. During the strat-

ification, the water column is divided into three layers – epilimnion, thermocline,

and hypolimnion – based on the differences in water density caused by the surface

water temperature. In a stratified lake, dissolved oxygen in the hypolimnion is often

depleted by the respiration of aerobic organisms. If additional oxygen is not

supplied by mixing of the lake water, the water column is divided into oxic and

anoxic environments (e.g., Casamayor et al. 2002). In oxic environments, aerobic

respiration, in which oxygen is used as an electron acceptor, dominates due to its

high-energy efficiency. In contrast, other types of respiration using different elec-

tron acceptors, such as nitrogen and sulfur oxides, dominate in anoxic environments

devoid of oxygen. In most cases, these physiological differences in the type of

respiration metabolism are closely related to phylogenetic clades of bacterio-

plankton. Therefore, the thermal stratification of the water column has a strong

impact on the BCC within the water body. In many Japanese mountain lakes

investigated, however, the dissolved oxygen was not depleted in the hypolimnion

of the lakes with thermal stratification. In addition, the other environmental condi-

tions were similar between the epilimnion and hypolimnion (unpublished data), and

BCCs of different layers were almost identical (Fig. 7.3). As mentioned above,

distinct environmental conditions in hypolimnion is largely attributed to biological

activities represented by respiration. Therefore, in the lakes characterized by low

biological activities, it takes longer time from the formation of thermal stratification

until distinct differentiation of environmental conditions. The differences between

conditions of water layers depend on duration of stratification and biological

activities. Our investigation was performed in summer, but it is uncertain whether

biological activities in these lakes can generate significantly different conditions

until autumn mixing after short summer in mountain regions.

Table 7.1 Intercepts, unstandardized regression coefficients, and P values from multiple regres-

sion analyses on chronological changes of bacterioplankton community compositions in ten

Japanese mountain lakes between 2005 and 2007, including relationships with environmental

variables

Estimate Standard error t value P (> |t|)

Intercept 0.620 0.093 6.684 0.001**

pH 0.043 0.052 0.823 0.448

Con 0.004 0.008 0.574 0.591

DOC �0.504 0.154 �3.286 0.022*

Chl 0.0267 0.011 2.567 0.050

Con electric conductivity, DOC dissolved organic carbon, Chl chlorophyll a
*P< 0.05; **P< 0.01
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Among lakes distributed far from one another, distinctive environments can be

created by differences in geographical location and the surrounding environment.

In mountain lakes, similar environmental conditions are predicted for lakes located

in the adjacent catchments, due to the large impact of the terrestrial region. In

Japan, we conducted surveys of mountain lakes in eight different areas that are

geographically distinct from each other. However, there was no correlation between

the BCCs and the sampling area (Fujii et al. 2012). This result implies that there is a

weak correlation between lake environmental conditions, even in the adjacent

catchment area. However, elevation correlated significantly with several environ-

mental variables, including temperature, pH, electric conductivity, TP, and chloro-

phyll a concentration (Fujii et al. 2012), all of which are known to have a strong

impact on bacterial community composition, diversity, and abundance (e.g.,

Karlsson et al. 2001; Fierer and Jackson 2006; Lozupone and Knight 2007).

Therefore, the regional heterogeneity of environmental conditions of mountain

lakes is largely affected by elevation.

(a) (b) (c) (d) (e) (f)
E H E H E H E H E HE T H

Fig. 7.3 Denaturing gradient gel electrophoresis profile of bacterioplankton community compo-

sitions in epilimnion (E), thermocline (T ), and hypolimnion (H ) of six Japanese mountain lakes in

which thermal stratification was observed. Each lake name is as follows: Kikkou (a), Matsubara

(b), Chokai (c), Kougennuma (d ), Shikibunuma (e), Meotonuma-Suribachi ( f )
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7.3 Characteristics of Bacterial Community in Mountain

Lakes

7.3.1 Abundance of Bacterioplankton

In general, bacterial cell densities in freshwater environments are known to be

approximately 1.0� 104 to 107 cells ml�1 (Whitman et al. 1998), although the

density varies with the season and the environmental conditions (e.g., Lindstr€om
1998; Crump et al. 2003; Vrede et al. 2003). In high-elevation regions, approxi-

mately 1.0� 106 cells ml�1 of bacterioplankton have been reported for various

European mountain lakes (Karlsson et al. 2001; Auguet and Casamayor 2008). This

value is almost the same as that of oligotrophic lakes located in low-elevation

regions. Similarly, slightly lower but similar values were also found in lakes on the

Tibetan Plateau and Himalaya, despite being located at elevations greater than

5000 m (Liu et al. 2006, 2009, 2011). A similar bacterial cell density value was also

observed in the Japanese mountain lakes, and the range and average of the values

were 0.7� 105 to 6.8� 106 cells ml�1 and 1.6� 106 cells ml�1, respectively

(unpublished data). These values did not exhibit a significant association with

elevation, which suggests that there may be no difference in bacterial abundance

among freshwater environments located at high and low elevations. As determi-

nants of bacterial abundance, environmental factors associated with lake produc-

tivity, such as TP and chlorophyll a concentration, may be more important.

Karlsson et al. (2001) reported that bacterial production and cell density were

greatly restricted by TP in combination with DOC in the North Swedish Mountain

lakes in summer. In the Japanese mountain lakes, significant positive correlations

between bacterial cell densities and both TP and chlorophyll a were also observed

(unpublished data). Therefore, Japanese mountain lakes generally have low densi-

ties of bacterial cells presumably because of their oligotrophy.

7.3.2 Dominant Taxa

In the Japanese mountain lakes, phylotypes belonging to the phyla Proteobacteria,
Bacteroidetes, Actinobacteria, and Cyanobacteria were detected as major compo-

nents of bacterial communities. As discussed in detail below, these taxa have been

repeatedly detected in many mountain lakes around the world, as well as other

freshwater environments.

The class Betaproteobacteria (in the phylum Proteobacteria) is likely to be the

most predominant taxonomic group at the class level in Japanese mountain lakes

(Fujii et al. 2012). Currently, Betaproteobacteria in freshwater environments are

known to be divided into seven clades, betI to betVII, based on the sequence of the

16S ribosomal RNA gene (Newton et al. 2011). Among them, the betII clade

contains four subclades, PnecA, PnecB, PnecC, and PnecD, all of which are
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classified into the genus Polynucleobacter (Hahn 2003; Wu and Hahn 2006). In

Japanese mountain lakes, the sequences affiliated with the PnecC were the most

frequently detected from the DGGE profiles (Fig. 7.4). PnecC were also detected in

alpine lakes at elevations greater than 5000 m on the Tibetan Plateau

(Wu et al. 2006). In addition, PnecC has been found to be a dominant taxon globally

Fig. 7.4 Phylogenetic relationships of 16S rRNA gene sequences corresponding to the class

Betaproteobacteria, obtained from denaturing gradient gel electrophoresis (DGGE) profiles of

bacterioplankton community compositions in 41 Japanese mountain lakes. Each operational

taxonomic unit (OTU) was defined based on the DGGE band position. Representative sequences

closely related to the OTUs are shown. Lake names and altitude are shown after Genbank

accession number
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in highly humic mountain lakes (Jezberová et al. 2010; Jezbera et al. 2012). On the

other hand, bacterioplankton affiliated with PnecC was also detected and isolated

from a number of Japanese lakes in low-elevation regions (Watanabe et al. 2009).

Therefore, PnecC may be a cosmopolitan rather than phylotype specific to moun-

tain lakes. As another predominant taxonomic group within the class Betaproteo-
bacteria, the genus Methylophilus (belonging to the betIV clade) was the second

most frequently detected genus in Japanese mountain lakes.Methylophilus uses C1
compounds as growth substrates and has not been regarded as a cosmopolitan. The

dominance of the genera Polynucleobacter and Methylophilus in mountain lakes

may be explained by their physiological characteristics, as discussed in detail later.

The family Comamonadaceae, which belongs to the betI clade, was also frequently
detected in Japanese mountain lakes. The betI clade is a cosmopolitan phylotype

that inhabits a wide range of freshwater environments, similar to the betII clade

(Jezbera et al. 2012).

The phylum Bacteroideteswas the second most predominant taxonomic group at

the phylum level in Japanese mountain lakes (Fujii et al. 2012). This phylum can be

classified into six clades, bacI to bacVI (Newton et al. 2011). In Japanese mountain

lakes, the obtained sequences were affiliated with the families Chitinophagaceae
and Flavobacteriaceae, which belong to the bacI and bacII clades, respectively

(Fig. 7.5). Most of the taxonomic groups within the phylum Bacteroidetes that are
found in freshwater environments belong to these two clades. Bacteroidetes in

freshwater environments are known to be a particle-associated bacterioplankton

that may play an important role in the degradation of biopolymers, such as poly-

saccharides, which primarily constitute the cell walls of phytoplankton (Nold and

Zwart 1998; Lemarchand et al. 2006). In addition, the population dynamics of

Bacteroidetes shift in association with Cyanobacteria blooms (Eiler and Bertilsson

2007). Therefore, bacterioplankton of this phylum in freshwater environments may

be strongly dependent on primary production of phototrophic organisms. Consid-

ering these characteristics, Bacteroidetes may favor eutrophic lake conditions in

contrast to Betaproteobacteria. Although these conditions are rare in mountain

regions, abundant Bacteroidetes were observed in some Japanese mountain lakes

with eutrophic conditions, which were directly influenced by anthropogenic factors.

On the other hand, many sequences of Bacteroidetes were also detected in Japanese
mountain lakes with oligo- to mesotrophic conditions (Fujii et al. 2012). Therefore,

the distributions of Bacteroidetes would be regulated by other factors in addition to
the primary productivity of phytoplankton. Indeed, a high abundance of

Bacteroidetes has also been found in alpine lakes at an elevation of more than

5000 m in the Himalaya and near Mt. Everest (Liu et al. 2011). These lakes were

likely low in productivity because of low chlorophyll a concentrations.

The phylum Actinobacteria encompasses bacteria that have high GC content in

their genomic DNA and gram-positive cell wall (Ventura et al. 2007). Although the

group Actinobacteria has historically been considered typical soil bacteria

(Goodfellow and Williams 1983), many studies applying molecular methods have

demonstrated that bacteria of this phylum are one of the most abundant taxonomic

groups of bacterioplankton in global freshwater environments (Zwart et al. 2002).
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Freshwater Actinobacteria can be classified into nine clades: acI, acIII, acIV, acV,

acTH1, acTH2, acSTL, Luna1, and Luna3 (Newton et al. 2011). Among them, the

acI clade is especially predominant in various freshwater environments. In previous

studies, this clade accounted for a high proportion of total bacterioplankton

sequences in lakes at low elevation (Humbert et al. 2009) and in mountain lakes

(Warnecke et al. 2005). The prevalence and dominance of the acI clade may reflect

the adaptive significance of some physiological characteristics, as discussed in

detail later. Nevertheless, in our previous study, only a few sequences affiliated

with Actinobacteria were obtained from Japanese mountain lakes (Fujii

et al. 2012). This inconsistency may be partially due to the differences in the season

Fig. 7.5 Phylogenetic relationships of 16S rRNA gene sequences corresponding to the phylum

Bacteroidetes, obtained from denaturing gradient gel electrophoresis (DGGE) profiles of bacterio-

plankton community compositions in 41 Japanese mountain lakes. Each operational taxonomic

unit (OTU) was defined based on the DGGE band position. Representative sequences closely

related to the OTUs are shown. Lake names and altitude are shown after Genbank accession

number
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when the surveys were conducted. In certain previous study that attempted to reveal

the seasonal population dynamics of each bacterial taxon in freshwater environ-

ments, shift in the predominant taxon from Actinobacteria to Betaproteobacteria
was found in summer, whereas a high abundance of Actinobacteria was observed

during the other seasons (Gl€ockner et al. 2000).
The phylum Cyanobacteria plays a crucial role as a primary producer in

freshwater ecosystems. Many groups of Cyanobacteria support the growth of

various heterotrophic bacterioplankton by supplying organic matter through pho-

tosynthesis. However, certain taxonomic groups, including Microcystis and

Anabaena, have been shown to occasionally have a strong impact on various

organisms in different trophic levels by producing toxic compounds during blooms

(J€ohnk et al. 2008). As planktonic cyanobacteria, the genus Synechococcus has

often been detected in alpine lakes located at more than 4000 m above sea level

(Sommaruga and Casamayor 2009; Liu et al. 2009, 2013). The genus

Synechococcus in these lakes is considered to be UV tolerant (Xing et al. 2009)

and may be well adapted to freshwater environments at high elevations. In Japanese

mountain lakes, only a few cyanobacterial sequences were detected (Fujii

et al. 2012). The low frequency observed may be partly because a large quantity

of organic matter (e.g., humic materials) strongly affects the photoenvironment and

thus phototrophic activities.

7.3.3 Physiological Characteristics of Bacterioplankton

As discussed above, some specific taxonomic groups of bacteria are frequently

detected in mountain lakes. It seems reasonable to assume that these groups of

bacteria have some physiological characteristics, which are advantageous to inhabit

mountain lakes.

UV radiation is one of the constraining factors for the biological activity of most

living things. It effects strongly on planktonic bacteria inhabiting pelagic environ-

ments because most of the taxonomic groups have no protection against UV

radiation. On the basis of wavelength, UV radiation can be divided into three

bands, UV-A, UV-B, and UV-C, and each has a different effect on planktonic

bacteria. For instance, UV-B (<320 nm) directly induces DNA damage, whereas

UV-A (320–400 nm) causes only indirect damage to various parts of the bacteria

cell, such as DNA, proteins, and lipids, through the production of reactive oxygen

species (Smith and Walker 1998; George et al. 2002). Certain reactive oxygen

species, such as singlet oxygen and hydroxyl radicals, are also produced by

photolysis of dissolved organic matter (DOM), which affects bacterioplankton

communities and activities (Glaeser et al. 2010). As described above, the solar

UV radiation level generally increases with elevation. Therefore, to adapt to

mountain lakes located at high elevations, the bacterioplankton must have an ability

to tolerate high UV radiation. Bacterioplankton have been shown to develop

various UV tolerance mechanisms, such as the synthesis of photoprotective
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substances (Mueller et al. 2005) and efficient repair processes for damaged DNA

(Boelen et al. 2001). As mentioned above, the acI clade in the phylum

Actinobacteria is one of the bacterial groups typically detected in mountain lakes.

Warnecke et al. (2005) revealed that the abundance of the acI clade was positively

correlated with solar UV radiation in European mountain lakes by using fluores-

cence in situ hybridization. The potential ability of UV tolerance within acI may

increase the abundance of this taxonomic group in freshwater environments at high

elevations.

The oligotrophic state is one of the remarkable features of mountain lakes.

Hence, the effective acquisition of energy may be a key ability for bacterioplankton

inhabiting such environments. In previous studies, importance and diversity of

heterotrophic bacteria utilizing solar energy have been demonstrated in pelagic

marine environments (Béjá et al. 2000, 2002; Zubkov 2009). These photoheter-

otrophic organisms include two types of bacteria, which use different ways to

convert solar energy to chemical energy. They are referred to as rhodopsin-

containing bacteria and aerobic anoxygenic photosynthetic bacteria respectively,

and they have also been detected from freshwater environments (Eiler et al. 2009;

Sharma et al. 2009). The ability to utilize solar energy may be a key function of the

predominant bacterioplankton in the surface of oligotrophic lakes. The key gene

essential for this function has been found in the cosmopolitan species that are

distributed in global freshwater environments (Martinez-Garcia et al. 2012).

These species included rhodopsin-containing bacteria of the acI and Luna clades

in the phylum Actinobacteria, as well as members of the genus Polynucleobacter
representing the other type of photoheterotrophs. In addition, these genes are also

distributed in diverse bacteria of separated phylogenetic positions, suggesting that

they have been spread by horizontal gene transfer (Martinez-Garcia et al. 2012).

Therefore, there might be more diverse photoheterotrophic bacterioplankton in

mountain lakes, which have not been recognized as organisms utilizing solar

energy.

In the oligotrophic lakes characterized by low productivity, the ability to use

organic materials from external origin may also be significant. In mountainous

regions, allochthonous DOC primarily consists of humic substances, which are

biologically refractory and are not directly used by most heterotrophic organisms

(Fenchel and Blackburn 1979; Geller 1983). The genus Polynucleobacter has been
presumed to utilize allochthonous DOC, such as humic substances (Watanabe

et al. 2009; Jezberová et al. 2010; Hahn et al. 2012). There are two known pathways

transferring organic carbon from the humic substances to bacterioplankton. The

first pathway is photochemical degradation of humic substances. Previous studies

reported that certain taxonomic groups of bacterioplankton rapidly grow in humic

substance-rich lake water after photolyzing (Wetzel et al. 1995; Bushaw et al. 1996;

Vähätalo et al. 2003). Watanabe et al. (2009) demonstrated that the genus

Polynucleobacter can utilize various organic acids that are typical products of

DOM photochemical degradation, and this was not the case for isolates of

Alphaproteobacteria and Actinobacteria. The other pathway is oxidation of

humic substances by manganese oxides, generating low molecular weight C1
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compounds (Sunda and Kieber 1994).Methylophilus, the second most predominant

genus in Japanese mountain lakes, is known to be a utilizer of C1 compounds

(Nercessian et al. 2005). Considering the prevalence of the these genera observed,

acquiring carbon via these pathways may be important for bacterioplankton to

thrive in lakes containing high quantities of humic substances, such as dystrophic

lakes.

7.4 Community Assembly of Microbes in Mountain Lakes

7.4.1 Environmental Filtering

Because microbes play a crucial role in biogeochemical cycling through their

diverse metabolic functions, understanding the mechanisms of how microbial

community composition and diversity are regulated in nature is important. There

is a prevailing hypothesis, namely, “everything is everywhere, but, the environment

selects” (Baas-Becking 1934), which argues that microbial community assembly is

regulated solely by environmental filtering due to microbes’ extremely high dis-

persal abilities and large population size. In fact, the remarkable effects of envi-

ronmental filtering on microbial community composition and diversity have been

demonstrated in a number of previous studies (e.g., Fierer and Jackson 2006;

Lozupone and Knight 2007).

To clarify which environmental factors determine the bacterial community

assembly in Japanese mountain lakes, we investigated the importance of five

environmental factors, including electric conductivity, pH, DOC, TP, and proto-

zoan biomass (Fujii et al. 2012), all of which are generally recognized as influential

factors for bacterial growth and activity. Only pH was found to be a significant

variable that correlated with bacterioplankton community composition. In general,

pH is a crucial factor associated with bacterial bioactivities, such as ATP synthesis.

In fact, the large impact of pH on bacterial community composition and diversity

has commonly been reported in various environments (Lindstr€om et al. 2005; Fierer

and Jackson 2006; Percent et al. 2008). Similarly, Jezbera et al. (2012) also showed

the large impact of pH on the distribution of major bacterioplankton taxonomic

groups in European mountain lakes.

In contrast to the community composition, the taxonomic richness of bacterio-

plankton in Japanese mountain lakes was negatively associated with DOC (Fujii

et al. 2012). The DOC might include autochthonous and allochthonous ones in

unknown proportions. However, it is likely that allochthonous DOC was the major

component because total DOC was positively correlated with the catchment area

per lake volume (Fujii et al. 2012). As described above, allochthonous DOC is

biologically refractory, and these compounds are not used directly by most hetero-

trophic bacteria (Fenchel and Blackburn 1979; Geller 1983). Therefore, high
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concentrations of allochthonous DOC may cause a low taxonomic richness in the

bacterioplankton communities of mountain lakes.

As the most frequently detected taxonomic group of bacterioplankton in Japa-

nese mountain lakes, we identified major environmental factors affecting the

presence of the genus Polynucleobacter. As a result, it was shown that the occur-

rence of Polynucleobacter was positively associated with DOC. On the other hand,
the occurrence of Polynucleobacter was negatively associated with TP and effect of

TP was stronger than that of DOC. As described above, the DOC concentration

represents organic substrates supplied from the surrounding terrestrial region. In

contrast, the TP concentration may represent autochthonous organic substrates

associated with the primary production of phototrophic organisms, because the

TP concentration was limiting factor for the abundance of phototrophs in these

lakes (Fujii et al. 2012). Considering the stronger effect of TP than that of DOC,

oligotrophy may be a more influential factor for the occurrence of Polynucleobacter
in the Japanese mountain lakes than allochthonous DOC concentrations from the

surrounding land.

7.4.2 Dispersal Limitation

For a long time, microbial community assembly was believed to be regulated solely

by the process of environmental filtering. However, for a decade, a few studies

report that microbial community assembly is also restricted by spatial factors, such

as distance and area (dispersal limitation), as well as environmental factors

(Horner-Devine et al. 2004; Reche et al. 2005; Yannarell and Triplett 2005).

Consequently, there is a growing body of opinion that supports the idea that

evaluation of the relative importance of environmental and spatial factors is essen-

tial for explaining the geographic distribution and diversity of microbes (Van der

Gucht et al. 2007; Schiaffino et al. 2011; Fujii et al. 2015).

To determine the relative importance of spatial and environmental factors on the

bacterial community assembly, variation partitioning was performed with canoni-

cal correspondence analysis (CCA) to determine the intensity data and redundancy

analysis (RDA) for the presence or absence data, respectively, based on the results

of PCR-DGGE analysis that quantified the bacterioplankton community composi-

tion in 41 Japanese mountain lakes. As a result, 8.1 % and 6.3 % of the total

variation were explained by spatial and environmental variables in CCA, respec-

tively, and 6.2 % and 6.4 % of the total variation were explained by spatial and

environmental variables in RDA, respectively. These results suggest that both

spatial and environmental factors contribute to the bacterioplankton community

assembly in Japanese mountain lakes. A similar trend has also been reported in

oligo- to eutrophic lakes in Antarctica and Patagonia (Schiaffino et al. 2011).

However, Van der Gucht et al. (2007) showed that environmental variables

explained a larger proportion of variation than spatial variables in a number of

meso- to eutrophic lakes in Europe. Sommaruga and Casamayor (2009) also
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showed that local environmental constraints had a stronger influence than geo-

graphical distance, based on the dissimilarity matrices of bacterioplankton com-

munity composition and the Mantel test in high-elevation mountain lakes in Nepal.

The large variations in the relative importance of environmental and spatial factors

on planktonic bacteria among previous studies remain unexplained.

Recently, Fujii et al. (2015) proposed that inter-taxonomic differences in

response to environmental filtering and dispersal limitation could be a potential

explanation for inconsistency among previous studies on bacterioplankton commu-

nity assembly in freshwater lakes. They found that community composition of

Betaproteobacteria was mainly correlated with environmental variables, whereas

Bacteroidetes was primarily associated with geospatial variables, by focusing on

27 oligotrophic mountain lakes with similar environments, located in eastern Japan.

Furthermore, Fujii et al. (2015) suggested that biogeographic events such as

geographic barriers could potentially play significant roles for the distribution and

diversity of microorganisms, as is the case with macroorganisms. Therefore, the

relative importance of environmental and spatial factors on bacterial community

assembly may vary depending on taxonomic resolution and environmental condi-

tions and geospatial configurations of study lakes. These perspectives should be

considered in order to understand bacterial community assembly in mountain lakes.

7.4.3 Evolutionary Constraint

Recently, evolutionary processes have been recognized as significant drivers in

community assembly (Cavender-Bares et al. 2009). Ecological traits are generally

conserved on the evolutionary scale (Peterson et al. 1999; Prinzing et al. 2001;

Webb et al. 2002). The trait conservatism means that similar ecological traits are

observed between phylogenetically related species, and these traits determine

community structures through environmental filtering and competitive interactions.

This process had not previously been related to microbial community assembly due

to lateral gene transfer that enables the exchange of functional genes between

different species, regardless of the phylogenetic distance. However, Martiny

et al. (2013) found that the vertical inheritance of functional traits was important

even in microorganisms. In recent studies, phylogenetic information has been

applied to understand the mechanisms of microbial community assembly (Barberán

et al. 2014; Brown et al. 2014; Zimmerman et al. 2014).

In the context of the trait conservatism, we also examined the importance of

evolutionary constraints on bacterioplankton community assembly in 41 Japanese

mountain lakes. Based on the method of Helmus et al. (2007), we calculated the

phylogenetic species variability (PSV), which is an index representing the degree of

phylogenetic variability within a community and is independent of species richness.

To better understand the mechanisms of the bacterial community assembly, we

investigated the effects of environmental factors (temperature, pH, electric conduc-

tivity, chlorophyll a, and lake surface area) on PSV. A significant phylogenetic
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diversity-area relationship was found (Fig. 7.6a). Among the environmental vari-

ables, the pattern of PSV was positively correlated with pH (Fig. 7.6b), although the

lake surface area was also positively correlated with pH. These results suggest that

the harsh conditions (acidic pH) decrease the PSV. In small lakes, the BCC may be

constrained to a narrow range of phylogenetic diversity based on the inflow of

acidic compounds (e.g., humic substances) from the surrounding environment

because the utilization of humic substances is restricted to a small minority of

phylogenetic groups within the class Betaproteobacteria, such as the genera

Polynucleobacter and Methylophilus. The small size and acidic nature are distinc-

tive features of lakes in the Japanese mountainous regions. These features may

indicate that the process of evolutionary constraint might have a nontrivial impact

on bacterioplankton community assembly.

7.5 Conclusion and Perspectives

Although mountain lakes are exposed to distinctive environmental conditions,

distinct and specific features of bacterioplankton community compositions in

these lakes have not been identified. In other words, the dominant taxonomic groups

in these lakes did not differ greatly from those of other freshwater environments. As

a functional feature, bacterioplankton in mountain lakes were generally related to

DOC derived from the surrounding terrestrial region. The utilization of

allochthonous organic matter seems to be a key characteristic, because the primary

productivity in mountain lakes is generally poor due to their oligotrophic nature. In

addition, the community assembly of bacterioplankton was regulated by not only
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the environmental filtering process but also other processes, including dispersal

limitation and evolutionary constraint.

The function of bacterioplankton in mountain lakes has been only partially

determined, and knowledge with regard to the roles of the bacterioplankton com-

munity in mountain lakes is insufficient. Recently, the understanding of bacterial

functions in nature has improved dramatically through the application of high-

throughput molecular biology methods. For example, the analysis of massive

oligonucleotide sequences using next-generation sequencing technologies

(metagenomics) enables researchers to estimate the potential functions of bacteria

at the community scale (e.g., Gill et al. 2006). In addition, metatranscriptomic and

metaproteomic approaches enable the direct detection of bacterial functions, which

are expressed onsite as mRNA and proteins, respectively (e.g., Morris et al. 2010;

Radax et al. 2012). These methods enable the determination of each step of

bacterial metabolism and the interactions of components. Such omics-based

approaches can greatly improve the knowledge of bacterioplankton community

compositions and functions in mountain lakes. Because the dynamics of bacterio-

plankton community composition and functions are sensitive to environmental

changes, the results from omics-based approaches will contribute to an estimation

of the effects of climate change on the ecosystems of mountainous regions.
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