
Chapter 3
Water Cycles in Forests

Ayumi Kotani and Takeshi Ohta

3.1 Introduction

Forests play an important role in the terrestrial water cycle. The rainfall brought to
forest ecosystems is drained via surface and ground flow and partially transported
into the atmosphere via evapotranspiration. These water balances are expressed in
Eq. (3.1), in which precipitation (P) is distributed between evapotranspiration (ET),
which includes transpiration by plants and evaporation from wet surfaces (e.g., soil
and wet plant surfaces), change of storage (ΔQ), and runoff (outflow/inflow calcu-
lated as the residual component of the water balance, R):

P ¼ ET þ ΔQþ R: ð3:1Þ

This water balance is linked to the heat balance via the evapotranspiration in the
same domain:

Rn ¼ H þ LE þ G, ð3:2Þ

where Rn is the net radiation as a budget of the shortwave and longwave radiation,
H is the sensible heat flux, LE is the latent heat flux, which is ET multiplied by the
latent heat of evaporation, and G is the heat flux into the ground. Evapotranspiration
ET, which appears in Eqs. (3.1) and (3.2), plays a role in both the forest water cycle
and the climate via the surface energy balance.

In boreal regions, the ecosystem has adapted to the environment, which is formed
by the high latitude climate, snow, and frozen ground processes. Particularly, in
eastern Siberia, the characteristics of the continental climate appear more strongly in
comparison to other boreal regions (Schulze et al. 2002). The climate has strong
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continental characteristics, with a low precipitation of approximately 200–300 mm
y�1 and an annual range of daily mean air temperature of more than 60 �C. The
growth period of the plants is approximately the three summer months. The estab-
lishment of the forest is primarily composed of deciduous conifer, larch, which is
enabled in spite of the small amounts of precipitation because permafrost is distrib-
uted continually over the area and the seasonally thawing ground supplies water for
plant use (Chap. 1). The plant cover prevents rapid thawing of the frozen ground,
while plants gain benefits from the water in the thawed ground. The forest ecosystem
adapted to the environment of eastern Siberia in this way via frozen ground pro-
cesses and plays a role that is important to the formation of the local water cycle.

In recent years, the ecosystem has faced an intensification and an increased
frequency of occurrences of extreme precipitation and temperature phenomena
(Groisman and Soja 2009; Groisman and Gutman 2013). In the last decade, envi-
ronmental changes on various scales have been observed in Eurasia at high latitudes,
for example, increases in river discharge into the Arctic Sea (e.g., Shiklomanov and
Lammers 2009), increases in atmospheric water vapor transport to high latitudes
(Zhang et al. 2012), increases in snowfall over Siberia (Bulygina et al. 2011),
increases in subsurface water storage over the Lena watershed (Chap. 11, Muskett
and Romanovsky 2009; Velicogna et al. 2012), and increases in the area of surface
water (Chap. 8, Fedrov et al. 2014; Boike et al. 2016). It is important to examine how
the responses of the forest ecosystems of eastern Siberia to the changes in the water
environment and sequentially the water cycles will change.

This chapter introduces observational studies of the water and energy balance
primarily of forest ecosystems during the plant-growing season. Evapotranspiration
over the larch forest and its biophysical responses are focused on and the recently
observed wet climate environment is presented.

3.2 Study Area

The Spasskaya Pad Scientific Forest Station (62�150N, 129�370E, 214 m a.s.l.) is
located on a terrace of the Lena River in the Central Yakutia region of the Republic
of Sakha, Russia. The observation site is operated by the Institute of Biological
Problems in the Cryolithozone (Siberian Branch of the Russian Academy of Sci-
ences – IBPC SB RAS). The mean annual precipitation in this area is 234 mm, and
the mean annual air temperature is �8.4 �C, and the minimum monthly temperature
is �38.1 �C in January and the maximum 19.8 �C in July (1986–2015).

The dominant species in the local forest is larch (Larix cajanderi), mixed with
birch (Betula pendula) and willow (Salix bebbiana), with floor vegetation primarily
composed of evergreen cowberry (Vaccinium vitis-idaea) mixed with several herbs
(e.g., Actaea erythrocarpa and Pyrola asarifolia). The composition rate and height
distribution of these species changed over the studied decade (from 1998 to 2014;
Figs. 3.1 and 3.2). In 1998, the stand density of the larch trees was 848 trees ha�1, the
mean height was 18 m, and the wood volume was 221 m3 ha�1 (based on allometric
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Fig. 3.1 Photograph of larch forest of SPA (a–f) and ELG (g–h)
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relationship of Schulze et al. (1995)). During the wet climate period of 2005–2008
(described below), the birch developed from 1244 trees ha�1 to 1892 trees ha�1, and
the willow trees developed from 216 trees ha�1 to 1128 trees ha�1 (Fig. 3.2). Other
species, such as birch and pine (Pinus sylvestris), are clustered in 10–100 m scale
patches around the larch forest observation site. Soils in the larch forest consist of an
alluvial sandy loam classified as sod-pale solodic (Kononov et al. 2012) with a sandy
loam texture. The upper layer has previously been reported to be sandy loam and the
deeper layer to be silt loam (Lopez et al. 2007a) with vertical inversions in some
places. The geographical features of an alluvial plain and the effect of cryoturbation
(Sawada 2006) can produce these heterogeneous structures.

Fig. 3.2 Height class distribution and tree density for main tree species at Spasskaya Pad in 1998
(a), 2014 (b), and Elgeeii in 2008 (c). Red, blue, orange, and green colors indicate larch, birch,
willow, and alder, respectively. Reduction of larch trees in Spasskaya Pad is due to fallen/felled
dead trees
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As a comparison to Spasskaya Pad, field observations were conducted at the
Elgeeii Forest Station (60�010 N 133�490 E, 202 m a.s.l.) located on a terrace of the
Aldan River (a tributary of the Lena River). Ust-Maya (60 km east of Elgeeii) has a
mean annual precipitation of 302 mm and a mean annual air temperature of �8.5 �C
(�39.4 �C in January and 18.8 �C in July, 1986–2015). The air temperature is
similar to that in Yakutsk; however, the precipitation is 30% greater than that in
Yakutsk. The species composition is similar to that of the Spasskaya Pad larch forest
but with a more remarkably dominant development of larch trees. The stand
densities of larch, birch, and willow are 1096, 568, and 888 trees ha�1, respectively.
The floor vegetation is primarily evergreen cowberry with shrubs such as dog rose
and honeysuckle. Sod-pale soils with silt loam texture are found at Elgeeii. Traces of
a former wildfire were detected in some locations within the forest.

Continuous observations have been conducted at these stations to obtain the
energy balance, relating meteorological components such as air temperature, humid-
ity, radiation, and wind and, inside the forest canopy, soil environmental compo-
nents such as ground temperature and water content since 1998 at Spasskaya Pad and
since 2009 at Elgeeii (Ohta et al. 2008; Iijima et al. 2014). Evapotranspiration has
been observed at 32 m since 1998, at 3 m (inside the forest) since 2004 at Spasskaya
Pad (Dolman et al. 2004; Ohta et al. 2008; Iida et al. 2009), and at 35 m since 2009 at
Elgeeii (Kotani et al. 2014).

3.3 Evapotranspiration of the Larch Forest in Eastern
Siberia

Figure 3.3 shows the climate and soil environment conditions in Spasskaya Pad
since 1998, in which various climate conditions including dry and wet years were
reported. In this chapter, characteristics of the forest evapotranspiration on primarily
the Spasskaya Pad larch forest based on field observations over two decades are
presented.

3.3.1 Seasonal Variation of the Forest Evapotranspiration

The energy balance of the larch forest showed seasonal variation reflecting the
physical environment, such as solar radiation, air and ground temperature, soil
water, and the plant phenology at Spasskaya Pad (Fig. 3.4; Ohta et al. 2001). Before
snowmelt and the thaw of the frozen soils in spring, most of the net radiation is
divided into the sensible heat flux, which increases following the net radiation. As
snowmelt and the thaw of frozen soils commence, latent heat flux, which is evap-
oration from the ground surface because the trees do not have open leaves, gradually
increases (Iida et al. 2009). The sensible heat flux is remarkably dominant compared
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to the latent heat flux during this period, and the Bowen ratio, which is ratio of
sensible heat flux to latent heat flux (H/LE), is approximately 5–20. When the larch
trees and the other deciduous plants come into emergence and expand their leaves,
the latent heat rapidly increases due to plant transpiration (Ohta et al. 2001; Dolman
et al. 2004). The seasonal maximum of the latent heat flux appears in June–July,
while the sensible heat flux decreases. During this period, the latent and sensible heat
fluxes are nearly equal, or the sensible heat is slightly larger (the Bowen ratio is close
to 1). In the latter half of the foliation period (August–September), the latent heat flux
gradually decreases due to the browning and shedding of leaves and again the
Bowen ratio increases beyond 1 (Ohta et al. 2001; Dolman et al. 2004). The rate
of the latent heat decrease depends on the soil moisture at the time, which depends on
the summer precipitation; after a summer with higher precipitation, the latent heat
flux does not decrease rapidly and is maintained in the late summer. In a young larch
forest in the same region, seasonal variations similar to the Spasskaya Pad larch
forest were found; the seasonal maximum of the sensible heat flux preceded that of
the latent heat flux and the Bowen ratio was close to 1 during the summer (Tanaka
et al. 2008). Tanaka et al. (2008) also found that, during the summertime, the daily
sensible heat flux responded to variations in the daily net radiation, while the latent
heat flux (evapotranspiration) was relatively stable.

Seasonal variations in the energy balance over forests, particularly deciduous
forests, strongly reflect plant phenologies, such as leaf emergence, expansion, and
dormancy, as shown above. Therefore, interannual variations in the length of the

Fig. 3.3 Variability of meteorology and soil conditions in warm season (May–September) from
1998 to 2014 at SPA larch forest. (a) Sum of precipitation P and evapotranspiration ET, (b) average
of daily solar radiation Sd, air temperature Ta, and vapor pressure deficit D, and (c) average of soil
water contents W at 10 and 20 cm depth, and soil temperature Tg at 10 cm depth
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foliation period should affect the annual evapotranspiration. However, even though
the date of the leaf emergence at the Spasskaya Pad larch forest varied by a
maximum of 30 days, the evapotranspiration summed over the warm season
(May–September) did not correlate to the length of the foliation period (Xue et al.
2012). The seasonal sum of the evapotranspiration depended on the evapotranspi-
ration during the maximum leaf area period (middle of June–end of August), and the
evapotranspiration during leaf expansion and shedding had little influence (Xue et al.
2012). The non-negligible contribution of the understory vegetation to the forest
evapotranspiration, as described below (Sect. 3.3.2), makes it difficult to explain the
whole-forest dynamics with only larch phenology.

As shown above, periods of the snow cover and plant phenology at the larch
forest were major drivers of the seasonal variation in the energy balance. Phenolog-
ical observation from 2013 to 2015 found that onset of snowmelt and leaf emergence
was earlier, and leaf senescence at autumn was later (Sect. 10.4.3) compared to the
late 1990s to early 2000s (Ohta et al. 2001). Typical seasonal sequence of the Bowen
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ratio as described above (Ohta et al. 2001; Dolman et al. 2004) was modified
following these changes (Fig. 3.5). Decrease of the Bowen ratio in spring started
half month early. In contrast, the summer lowest values around 1 were kept until late
August. This is particularly remarkable around 2005 through 2007 because of much
soil water near the ground surface (see Sect. 3.6), which could support soil evapo-
ration and transpiration of plants, and this effect was prolonged even after surface
water disappeared probably because deeper soils were still wet (Fig. 3.3).

3.3.2 Evapotranspiration from the Understory Vegetation

In general, in boreal forests with sparse crown structures compared to temperate and
tropical forests, the contribution to transpiration of the understory vegetation and the
soil evaporation is large (Baldocchi et al. 2000). At Spasskaya Pad, the contribution
of the understory vegetation to the forest evapotranspiration is approximately 50%
during the foliation period, as revealed by several independent means. The transpi-
ration of the larch trees, which was evaluated via sap flow measurements, was
approximately 35% (Ohta et al. 2001) to 50–60% (Lopez et al. 2007a). Measure-
ments of the water vapor flux based on the eddy covariance method at 3-m height
inside the forest indicated that evapotranspiration from the underground vegetation
including evaporation from the soil was equal to approximately 50% of the forest
evapotranspiration (Iida et al. 2009, Fig. 3.6). Isotopic analyses of the water vapor
sampled above the forest indicated that 80% of the forest evapotranspiration origi-
nated in plant transpiration under plant active conditions in the summer daytime
(Ueta et al. 2014). The transpiration from evergreen cowberry on the floor, based on
leaf chamber measurements, corresponded to 35–60% of the forest evapotranspira-
tion (Miyahara et al. 2004); this is 40–65% of the sum contribution of transpiration
by tree and soil evaporation. During the summer, the transpiration of the cowberry
decreased just after emergence of the larch needles that means increased

Fig. 3.5 Seasonal variation
of 5 days average of the
Bowen ratio at SPA larch
forest. Only days without
rainfall was averaged in
1998–2001 (excluding
2000), 2005–2007,
2008–2010, and
2011–2014. Error bars show
standard deviations between
years
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transpiration by larch, likely indicating competition for the use of the soil water close
to the ground surface (Miyahara et al. 2004), as well as reduced solar radiation
reached into the forest floor (Iida et al. 2009).

The contribution of the understory vegetation including soil evaporation in the
boreal forests in various regions ranges from 10% to 60% during the summer (lists
are provided in Lindroth and Crill 2011; Iida et al. 2009). A relatively large
contribution was found in the larch forests in eastern Siberia compared to the boreal
forests in Canada and Scandinavia. The effective penetration of solar radiation
through the sparse canopy and the larger atmospheric humidity deficit inside the
forests due to the arid climate are likely the main reasons for this phenomenon (Iida
et al. 2009).

3.3.3 Interception Evaporation

Interception evaporation during rainfall and just after rainfall is also affected by
characteristics of the forest environment such as an arid climate with large atmo-
spheric humidity deficits and a large contribution by understory vegetation. The
interception evaporation of the Spasskaya Pad larch forest was estimated to be 15%
of the gross rainfall (Ohta et al. 2001). This value seems rather small compared to
other boreal forests such as spruce forests in Sweden (26.6%, Bergkvist and
Folkeson 1995), mixed forests of spruce and pine in Sweden (30%, Grelle et al.
1997), and spruce forests in Canada (23%, Price et al. 1997), likely due to the small
interception storage capacity of the sparse canopy crown (Lindroth and Crill 2011).
The energy source for interception evaporation during rainfall is the net radiation at
the Spasskaya Pad larch forest in contrast to those at temperate and tropical forests,
in which the sensible heat flux from the atmosphere is typically the main energy
source (Toba and Ohta 2005).
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3.3.4 Forest Water Balance

The daily evapotranspiration in the Spasskaya Pad larch forest was 2–3 mm day�1 at
the seasonal maximum, which is comparable to other larch forests in eastern Siberia
(Kelliher et al. 1997; Lopez et al. 2008; Kotani et al. 2014) and in northern Mongolia
(Miyazaki et al. 2014). It is also similar to the evapotranspiration of the other boreal
forests summarized in Eugester et al. (2000), Lindroth and Crill (2011), and Miya-
zaki et al. (2014). Evapotranspiration in the warm season (May–September) ranged
between 138 mm and 180 mm during the period of 1998–2011 (Ohta et al. 2014),
and this interannual variation was smaller than the variation in the annual precipi-
tation (111–347 mm). The interannual variation of the one-dimensional water
balance based on Eq. (3.1) from 1998 to 2006 is shown in Fig. 3.7 (Ohta et al.
2008). Despite the interannual difference in precipitation, that in evapotranspiration
is rather stable, as stated above, and the change in the soil water storage and residual
flux (runoff) responded to the precipitation. The remarkable increase in the soil water
storage since 2005 was caused by both the precipitation and water inflow from
outside the system (negative runoff), which indicates an expanding seasonal thaw
depth of the permafrost (Ohta et al. 2008).

One possible reason for the relatively stable evapotranspiration in spite of the
small amount of precipitation and its large interannual variability is the supply of
water from thawed frozen ground and snowmelt. The frozen ground layer extends to
the ground surface in the winter season, and thawing commences from the ground
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surface just after the snow melts; the thaw water is stored in the active layer (the layer
of the soil above the permafrost that thaws and freezes seasonally). Plants consume
rainwater during wet summers and soil water from the deeper layers during dry
summers (Chap. 6, Sugimoto et al. 2002). Furthermore, soil water in the active layer
correlates better with the precipitation of the previous year rather than that of the
current year indicating that soil water storage before freezing is carried over to the
next year (Ohta et al. 2008). Soil water in the active layer increases in summers with
more precipitation, and that water decreases gradually until frozen due to the stable
evapotranspiration. Conversely, during summers with less precipitation, the shortage
of soil water close to the ground surface results in reduced heat conductivity,
suppressed thawing speed, and soil water being stored in shallower layers where
the root depth is concentrated, resulting in maintaining the transpiration (Lopez et al.
2007a).

Snowmelt water is also essential to the soil water dynamics in the active layer.
When little soil water was stored before soil freezing, there is little water supplied by
the thawing frozen soil in the next summer; however, in such years, infiltration of the
snowmelt water into the non-water/ice-saturated ground is effectively accelerated
and supports plants taking water, particularly in periods of leaf emergence (Lopez
et al. 2015). Conversely, ice-rich frozen soil prevents the infiltration of snowmelt
water, and excess water can be discharged to the surrounding lower grassland
depression, called an Alas (Sect. 3.5 and Chap. 8), and recharge thermokarst lake
water (Lopez et al. 2015). The discharge water also transports salts from the forest to
the Alas and plays a role in reducing salt accumulation in the forest soil (Lopez et al.
2007b; Herzschuh et al. 2013).

Interactions between the permafrost and forest ecosystem, in which the soil
freezing–thawing process and the plant water use are connected, are an essential
feature in addition to the interaction between the forest and atmosphere in terrestrial
processes in eastern Siberia. With changing permafrost and forest conditions in the
future, it is unknown whether the stable water cycle, particularly the evapotranspi-
ration, which has considered to be a peculiarity of this region, will be maintained.
Climate warming sensitivity experiments based on vegetation dynamic modeling
indicate that a two-degree warming would result in the collapse of the interaction
system between the permafrost–forest–atmosphere and a transition from a deciduous
conifer (larch) forest to an evergreen conifer forest (Zhang et al. 2011). Other
experiments indicate an increase in the larch productivity due to an increase in the
precipitation and soil water (Sato et al. 2016). Furthermore, more local damage to
forests and permafrost by ether forest fires or waterlogging (Sect. 3.6) could cause
local modifications in the surface water and energy balance. Sensitivity experiments
using nonhydrostatic atmospheric modeling to detect the influence of land cover
changes in the Lena Basin on the regional water cycle revealed that changes in the
evapotranspiration due to transitions from forests to grasslands or water areas are
sensitive to the size of the water area (Yoshida et al. 2013). They also indicated an
increase in the precipitation consistent with the evapotranspiration indicating a
strong interaction between the forest and atmosphere (Yoshida et al. 2013).
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3.4 Response of the Forest to Environmental Conditions

3.4.1 Evapotranspiration

Causes of variations in the forest evapotranspiration can be divided into plant
physiological responses (stomata control) to control transpiration and the physical
environment (atmosphere and radiation) deciding the atmospheric evaporation
demand. Under a cool or cold climate with modest precipitation, boreal forests
have restricted growth and photosynthesis capacities but survive by using water
effectively via the regulation of stomatal closure (e.g., Baldocchi et al. 2000).

In the Central Yakutia middle taiga, stomatal control on larch transpiration is
remarkable because the atmospheric humidity deficit is high during the hot and dry
summers (Vygodskaya et al. 1997). Stand transpiration based on sap flow measure-
ments of larch trees at the Spasskaya Pad station revealed a strong regulation due to
the atmospheric humidity deficit (Kuwada et al. 2002, Lopez et al. 2007a). Even
though the nitrogen density in the larch needle is small because there is less soil
nitrogen available for the plant, larch trees adapt to the dry climate by increasing the
leaf weight per unit area (Schulz et al. 1995; Popova et al. 2013). As another
adaptation to the dry climate, the reduced sensitivity of the stomatal conductance
to the atmospheric humidity deficit under high humidity deficits results in avoiding a
drop in the conductance in the afternoons when the humidity deficit increases
(Arneth et al. 1996). These physiological responses of individual larch trees to
adapt to the dry climate support assimilating CO2 efficiently during the short
foliation period in this region (see also the photosynthesis of larch in Sect. 4.1).

Forest evapotranspiration is less sensitive to increases in the atmospheric humid-
ity deficit compared to the CO2 uptake of the forest ecosystem (Tanaka et al. 2000;
Dolman et al. 2004). Reduced CO2 uptake indicates closed stomata; therefore, at the
same time, larch transpiration would be reduced. In actuality, decreased transpiration
was observed during dry summers with reduced soil water (Lopez et al. 2007a).
However, forest evapotranspiration includes both plant transpiration and soil evap-
oration and the enhanced evaporation owing to a high atmospheric humidity deficit
compensates for the reduced transpiration (Schulze et al. 1999). In addition, the
water supply from the active layer supports plant water uptake during dry summers,
as noted above, and avoids fatal stress on water uptake by plants, while floor
vegetation without deeper roots could be affected by water deficits in the surface
soil. Such an efficient mechanism, supported by a stable water supply from thawing
soil water as noted above, enables a relatively stable level of ET compared to the
highly variable annual precipitation in this region (Ohta et al. 2008).

By contrast, the influence of soil water in the active layer on forest evapotrans-
piration at Spasskaya Pad was unclear compared to those of the atmospheric
condition, such as the atmospheric humidity deficit and solar radiation in diurnal
and seasonal scale variations (Yoshida et al. 2010). The relatively stable supply of
thaw water is one of the main reasons for this. Correlations between the forest
evapotranspiration and the soil water content (0–50 cm) appeared on time scales
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longer than 2 months, and stronger correlations were found on longer time scales,
such as interannual scales (Yoshida et al. 2010). Evapotranspiration at larch forests
with deeper active layers (3 m maximum) in northern Mongolia also depends on
summer soil water and precipitation (Miyazaki et al. 2014). The influence of soil
water on evapotranspiration was not found in black spruce forests in shallower active
layers, in which volumetric soil water content was maintained at as high as 40–80%,
in Interior Alaska (Iwata et al. 2012).

Environmental control factors including the atmospheric humidity deficit and the
soil water content on the forest evapotranspiration at Spasskaya Pad were also
variables that could explain the differences in forest evapotranspiration compared
to other regions. Comparing the characteristics of the water and energy exchanges at
five sites of evergreen, deciduous, and mixed forests, including the Spasskaya Pad
larch forest, in three different climate zones, Matsumoto et al. (2008a) revealed that
the spatial difference was not due to the atmospheric demand and that the land
surface regulation makes a difference in evapotranspiration. The primary reasons for
the low levels of evapotranspiration at the Spasskaya Pad forest were the reduced
transpiration due to the high atmospheric humidity deficit and the small leaf area of
the conifer needles (Matsumoto et al. 2008a).

3.4.2 Conductance

Forest evapotranspiration is driven by atmospheric conditions and controlled by
plant and soil conditions. Surface conductance, which indicates efficiency in
canopy-scale evapotranspiration with regard to physical environmental variability,
is generally smaller in boreal forests than in temperate and tropical forests
(Baldocchi et al. 2000; Hall et al. 2004). The surface conductance of larch and
pine forests in eastern Siberia is smaller than that of other climate forests, and this
difference can be explained by the leaf area index (LAI) difference (Matsumoto et al.
2008b; Khatun et al. 2011). The decoupling factor, which is derived from the
Penman–Monteith formula and presents the contribution of radiation and aerody-
namic drivers on the evapotranspiration (McNaughton and Jarvis 1983), represents
the importance of surface conductance on forest evapotranspiration in Spasskaya
Pad larch forests (Iida et al. 2009). This feature indicates that the atmospheric
demand of evaporation strongly covariates with evapotranspiration and is common
in boreal forests, which generally have large roughness (Khatun et al. 2011).

The daily mean surface conductance of the larch forest at Spasskaya Pad
decreased when the atmospheric humidity deficit increased (Ohta et al. 2001;
Dolman et al. 2004). Otherwise, the yearly mean surface conductance was well
correlated with the soil water content (Yoshida et al. 2010; Xue et al. 2012). The
interannual variation in the evapotranspiration normalized by the potential evapora-
tion, which, similar to the surface conductance, represents the land surface control of
the evapotranspiration, was also explained by the soil water content (Ohta et al.
2008). A strong correlation between the soil water and the surface conductance was
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found on a yearly scale, and this correlation decreased in the daily or seasonal scale
variations (Yoshida et al. 2010). To focus on the contribution to transpiration by the
upper canopy primarily consisting of larch leaves, the difference between the forest
evapotranspiration and the floor evapotranspiration was considered to be the larch
layer, and the surface conductance (canopy conductance) of this larch layer was then
calculated (Xue et al. 2014). The conductance under the standard condition
(an assumed vapor pressure deficit of 1 kPa and saturated solar radiation) at the
Spasskaya Pad larch forest was larger than that at other boreal forests (Xue et al.
2014). This is evidence of the reduced surface conductance due to the increase in the
atmospheric humidity deficit, similar to the response of the stomatal conductance at
the leaf scale discussed above.

Observations of the Spasskaya Pad larch forest with datasets of other climate and
forest types were used for parameterization for biogeochemical models. Matsumoto
et al. (2008b) compared the responses of the surface conductance to environmental
factors in five forest sites in Siberia and Japan. They presented a function of the LAI
to explain the inter-site differences in the maximum surface conductance and applied
this function to a Jarvis-type conductance model (Fig. 3.8, Matsumoto et al. 2008b).
They also showed that their model was optimized for each site and that the bundle of
all sites did not differ in precision when estimating the surface conductance
(Matsumoto et al. 2008b). These results suggest that the surface conductance of
the various mature forests had the same maximum value and response properties,
that is, the spatial differences of the environmental responses of forest evapotrans-
piration depend on the ambient environment rather than the type of forest.

Forest structures such as canopy roughness and tree density also influence the
heat and water vapor transport. Such aerodynamic parameters, e.g., surface rough-
ness length and zero plane displacement, which are usually normalized by the
canopy height, can be parameterized with the LAI or be assumed constant (Dolman
et al. 2003). Boreal forests with large ratios of height to diameter for trees and small
ratios of leaf area to stem area, however, are not always applicable to the functions
used to evaluate temperate and tropical forests. Nakai et al. (2008) compared these
aerodynamic parameters for five forests with various tree densities and height
distributions from Siberia and Japan and explained the differences between them
using the tree density. They showed a seasonal variation in the aerodynamic
parameters following the LAI and found that larch forests with small leaf area varied
less compared to other forests. However, an evaluation of these parameters is
important for energy and water vapor transport in the larch forest, in which the
aerodynamic driver dominates the evapotranspiration.

3.5 Spatial Variability in Eastern Siberia

In the Central Yakutia, precipitation increases toward the south owing to the
influence of the surrounding mountains (Yoshida et al. 2012), and forests with
high productivity are distributed in the south (Troeva et al. 2010). In the southern
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forest, Elgeeii, more precipitation, soil water, and larger carbon assimilation are
found compared to the larch forest in Spasskaya Pad (Chap. 4); however, the
difference in the forest evapotranspiration is surprisingly small (Kotani et al.
2014). One possible reason could be the underestimation of the interception evap-
oration at Elgeeii, where the leaf area is larger than Spasskaya Pad. Soils at Elgeeii
consist of finer grain sizes than those at Spasskaya Pad and had higher water
retention but lower permeability, which restricted water movement and plant water
uptake. At Spasskaya Pad, soil water close to the ground surface decreased without
precipitation inputs due to active evapotranspiration from the floor vegetation and
soil, whereas soil water in the 20-cm layer was relatively stable likely due to rapid
percolation from the upper layers and supply from the deeper layer owing to the
vertical gradient of the water potential (Sugimoto et al. 2003). Furthermore, large
contributions of soil evaporation and floor plant transpiration could achieve total
evapotranspiration comparable to the Elgeeii forest. Different ways of control due to
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Fig. 3.8 Relation between surface conductance normalized by maximum surface conductance and
environmental variables (photosynthesis active radiation Q, atmospheric water vapor deficit D, air
temperature T, and volumetric soil water content θ). D-YKS is deciduous (larch) forest in SPA;
E-YKA is evergreen (pine) forest in SPA; D-HOK and M-HOK are deciduous and deciduous-
evergreen mixed forests in Hokkaido, Japan; and M-AICHI is deciduous-evergreen mixed forest in
Aichi, Japan. (Matsumoto et al 2008b)
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different soil and forest structures work on forest evapotranspiration. Under the
evaporation demand determined by the atmosphere, which is similar at both sites,
forest evapotranspiration is usually optimized to the meteorological conditions in the
region. This effect could be one of the reasons for the small variability in the annual
evapotranspiration (e.g., Ohta et al. 2008).

Larch forests in the southern mountain area with discontinuous permafrost also
showed similar seasonal variations in the energy balance, in which the Bowen rate
consistently decreased with the emergence of larch needles and increased following
larch shedding (Kubota et al. 2004). The latent heat flux before leaf emergence was
larger than that in the Spasskaya Pad larch forest because the net radiation on the
floor did not conduct into the ground due to the insulating effect of the moss layer,
and the majority of the net radiation on the floor was distributed as sensible and latent
heat fluxes (Kubota et al. 2004; Suzuki et al. 2007). Evaporation before leaf
emergence was equal to 22% of the total forest evapotranspiration from April to
October and made a large contribution to the annual water and energy balance of the
forest (Suzuki et al. 2007).

The pine forest at the Spasskaya Pad station (2 km from the larch site) presented a
small difference in its seasonal variation due to its evergreen species. The onset of
evapotranspiration in the pine forest was earlier than that in the larch forest because
the pine trees started transpiration just after snowmelt (Hamada et al. 2004). Gradual
increases in the evapotranspiration and remarkable reductions in the sensible heat
flux in midsummer were not observed. Therefore, distinct seasonal variations in the
Bowen ratio similar to those in the larch forest were not found (Hamada et al. 2004).
Seasonal variations similar to those of the Spasskaya Pad pine forest were observed
in the same species of pine forest in Central Siberia (Yenisei River), where both the
sensible heat flux and the latent heat flux followed the net radiation (Tchebakova
et al. 2002). In the Central Siberia pine forest, however, the latent heat flux did not
decrease with the net radiation and sensible heat flux during the late summer;
therefore, the seasonal minimum of the Bowen ratio appeared in the late summer
(Tchebakova et al. 2002).

In the Central Yakutia Taiga region, grasslands and lakes formed in the
thermokarst depression were found sporadically in the forest (Chap. 8). There are
lakes in center of the grasslands, which are lowlands relative to the surrounding
forests, and soil water decreases from the vicinity of the lake to the surrounding
forest. Such Alas landscapes cover approximately 20% of the Lena lowland (Lopez
et al. 2008), and the surface energy and water balance in these grasslands should be
considered when evaluating the regional energy and water balance. Seasonal vari-
ations in the surface heat balance of the grassland and adjacent forests are
contrasting. The grasslands are flooded or nearly saturated by water after the
snowmelt at the end of April, and then gradually the water area diminishes and
grasses begin to grow by the beginning of June (Yabuki et al. 2004). Following grass
expansion, there is a rapid increase in the latent heat flux that exceeds the sensible
heat flux, and the Bowen ratio is close to 0.1 until the grass is cut. Even though the
net radiation of the grassland is smaller than that of the forest, its remarkably small
Bowen ratio results in the latent heat flux at the grassland being similar or at least half
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of that in the forest. At the same time, the sensible heat flux in the grassland is 1/2–1/
3 of that in the forest, which means the atmosphere is heated less by the grassland
than by the forest (Yabuki et al. 2004). At other Alas grasslands, evapotranspiration
from the grassland is 10% smaller than that of adjacent forests, and its variability
depends on the lake area (Lopez et al. 2008). Larger yearly variation was found in
the grassland evapotranspiration due to the larger yearly variation in the depth of the
active layer and the associated soil water and plant biomass (Lopez et al. 2008).
Lastly, the evaporation from lakes located at the centers of the grasslands reached
twice the grassland evapotranspiration (Ishii et al. 2001). Lake area varies each year
and therefore could have a large influence on the energy and water balances in Alas
ecosystems.

3.6 Response of Larch Forests to Wetting Climates

Over the two decades of observations, knowledge of forest evapotranspiration
without remarkable disturbance in the Central Yakutia middle taiga region has
been collected. Long-term observations also provide unexpected environmental
variations on longer time scales. Large precipitation before winter and snow accu-
mulation during the period of 2004–2008 caused an increase in the soil water
coincident with an increase in the ground temperature and active layer thickness
around Yakutsk (Iijima et al. 2010). In particular, unusually high soil water during
the period of 2006–2007 in comparison to the past 100 years was detected using tree-
ring stable isotope chronology (Tei et al. 2013, Chap. 7). In the following summer of
2007, damage to larch trees in areas with elevated soil water, where the degree of
saturation increased and the gas diffusivity decreased, was apparent in the form of
yellowing and browning leaves (Iwasaki et al. 2010). A decline in tree transpiration
as estimated from sap flow measurements was also detected for trees located over a
locally moistened and deepened active layer due to micro-topography (Fig. 3.9,
Iijima et al. 2014, Chap. 8).

During this period, forest evapotranspiration increased in 2005 and 2006 in
response to the high soil water but decreased in 2007 in spite of plentiful soil
water (Ohta et al. 2014). By contrast, evapotranspiration from the understory
vegetation increased. During the years of continuous wet soil conditions, some of
the larch trees and other plants in this forest ecosystem changed; there was an
invasion of water-tolerant grass species and growth of young trees (Fig. 3.2).
However, yearly mean surface conductance, which had a strong positive correlation
to the soil water before the larch damage (Sect. 3.4.2), decreased as expected from
the previous correlation (Fig. 3.10, Ohta et al. 2014). By contrast, the surface
conductance of the understory vegetation was relatively stable. The aerodynamic
conductance of the understory evapotranspiration increased likely due to sufficient
soil water leading to the growth of understory vegetation and the simultaneous
partial decline in the larch crown altering the environment inside the forest by
increasing the light and enhancing the turbulent mixing. The decline in the larch
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contribution was compensated for by the understory growth, resulting in a relatively
stable whole-forest exchange rate, at least during this study period. Interactions
between larches and understory vegetation could support the resilience of this forest
ecosystem and the water cycle under environmental variability.

Waterlogging in the soil affects various plant physiological responses such as
metabolism, carbon assimilation, transpiration, and nitrogen cycles via the lowered
oxygen concentration around the roots (Drew 1997; Bacon 2004). In particular,
coniferous species have difficulty managing under insufficient oxygen conditions
due to their limited ability to transport oxygen (Kozlowski 1984). Several experi-
mental studies have been conducted to reveal the effects of excessive soil water in
various parts of the forest ecosystem at the Spasskaya Pad station. Irrigation exper-
iments, in which twice the natural precipitation was supplied resulting in excess
water, did not change the larch transpiration and water storage at root depth
indicating infiltration into deeper layers or horizontal drainage (Lopez et al. 2010).
Under a water controling experiment, the response of larch seedlings to excess water
did not appear in the current year, while root development and the gas exchange rate
of needles were reduced in the following year (Takenaka et al. 2016a). A more
remarkable reduction appeared in the case of exposure to drought conditions in the
year prior to the excess water experiment (Takenaka et al. 2016a). Mature larch trees
that experienced drought soil in the previous year suppressed root development and
vice versa (Takenaka et al. 2016b). These results indicate the longer than yearly scale
memory of previous environmental stresses experienced by individual trees.

While knowledge concerning various responses of individual trees to wet condi-
tions (e.g., Kozlowski 1997; Kreuzwieser and Gessler 2010) has been accumulated,
studies on the forest ecosystem scale are relatively rare. Most such studies have
investigated riparian forests or maritime forests (e.g., Crawfold et al. 2003). Even
though studies on boreal forests are limited, it is noteworthy that the wetting
situation of forests in permafrost regions, e.g., the vegetation transition from forest
to wetland progressing with permafrost degradation, was reported in sporadic and
discontinuous permafrost regions of Canada and Alaska. Forest fragmentation due to
thawing permafrost and expanding wetlands was observed, as well as the reduced
water uptake and leaf area of black spruce trees located on forest edges in boreal
peatland in the Northern Territories in Canada (Baltzler et al. 2014). The transition
from birch to spruce occurred with thermokarst succession in boreal wetlands in
Interior Alaska (Lara et al. 2016). These vegetation transitions could likely change
the forest evapotranspiration and water cycles. Because forests located on wetlands
are a common ecosystem in Scandinavia and West Siberia, the variability of rain and
snowfall as well as the air temperature has caused prolonged flooding periods (Wang
et al. 2013) and root pathogens (Pavlov 2015).

The processes of changes in forest components caused by excess soil water differ
from those resulting from disturbances such as forest fires or lodgings, which have
been intensively investigated. While there have been many studies focusing on
drought stress, the response of forest evapotranspiration to too wet conditions is
yet not sufficiently understood. Knowledge of energy and water cycles in grassland–
forest ecosystems, as shown above, will help predict water cycle changes in the case
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of a transition from forest to grassland in this region. At the same time, grasslands act
as buffer for excess water from surrounding forests (Lopez et al. 2010) and,
therefore, considering energy and water cycles at a landscape scale will be beneficial
to our understanding of regional water cycles.

3.7 Concluding Remarks

Two decades of field observations and a comparison to other climate regions has
resulted in various knowledge concerning the forest water cycle, where the forest
ecosystem is adapted to a continental climate with low precipitation and a hot and
dry summer and foliation periods as short as a few months. Concerning larch forest
evapotranspiration, which is the primary focus of this chapter, there are many
important features including stomata regulation against atmospheric humidity defi-
cits, the contribution of evapotranspiration from floor and understory vegetation, and
the relatively stable evapotranspiration compared to soil water and precipitation.
These features occur due to the underlying permafrost and in part the complementary
support of the thermokarst grassland and forest via water flow.

Climate change in eastern Siberia in the future will likely bring both drying and
wetting terrestrial conditions. Either way, changes in the forest energy and water
cycles are possible via the responses of the forest and will feedback into the
atmospheric processes. Changes in the water cycle also will affect the forest eco-
system via material transport including salt accumulation. Continuous monitoring of
water and biogeochemical cycles (Chaps. 4 and 5) combined with the water and
energy cycles is necessary to understand the terrestrial processes and predict the fate
of the forests in this region.
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