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predicted for Northern Europe. The FAHM system enables air relative humidity (RH) to be increased up
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to 18 units (%) over the ambient level during mist fumigation, depending on the wind speed inside the
experimental stand. Water was dispersed inside 14 x 14 m experimental plots in the form of mist with
an average particle size of 50 wm from June to August in 2008, and from May to September in 2009. The
al ) average increase in RH was 7 units (%) over the whole period of humidification in 2008 (P<0.05). The
obal climate change . . . . L .

Leaf temperature average diurnal stem sap flux density per unit projected leaf area (F) in silver birch (Betula pendula Roth.)
Leaf-to-air humidity gradient trees was 24.8% (P<0.05) and 27.2% (P<0.01) higher in control (C) plots compared to humidification (H)
Mist fumigation plots during misting in 2008 and 2009, respectively. However, the difference between C and H plots was
Sap flux density statistically insignificant (P>0.05) in silver birch on the days without misting. In hybrid aspen (Populus
tremula L. x P. tremuloides Michx.) the average difference in F between C and H plots was 61.1% (P<0.001)
during mist fumigation in the summer of 2009. Nevertheless, the difference was considerable (38.8%;
P<0.001) also on the days without misting, reflecting the impact of plant inner factors on F as a result
of long-term acclimation to fumigation. The leaves of silver birch in a humidified plot demonstrated up
to 2.4°C lower (P<0.05) leaf temperature (T.) compared to the control plot in 2009. The decline in T,
decreased the humidity gradient between leaf and air by about 1/3, whereas 2/3 of the effect was caused
directly by changes in air humidity in the leaf boundary layer. Our preliminary data suggest that the
FAHM experimental facility enables water fluxes through a deciduous tree canopy to be reduced and
this effect is attributable both to the increased air humidity and decreased leaf temperature. Changes in
these two basic factors may create considerable differences in the physiology, anatomy and nutrition of
a whole tree, also affecting forest functioning in the light of global climate change.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction Patterns of air humidity and rainfall remain poorly understood
) ) for many regions of the world, especially in the context of cli-
Several experimental systems have been developed to estimate  mate change. Little is known about the effects of precipitation

the effect of global warming (Nijs et al, 1996; Luxmoore et al,  amount, frequency and intensity on ecosystem functioning (New
1998) and increasing atmospheric carbon dioxide concentration etal., 2001; Gerten et al., 2008). Scenarios on future climate change
on the functioning of trees and forest ecosystems (Norby et al,  predict wetter conditions at higher latitudes, and the amount

1997;Hendreyetal.,.1999;Kellqméki etal., 2000; Pepinand [((‘jr_ner, of precipitation in Northern Europe will also probably increase
2002). Although the impact of rising temperature and carbon diox- (IPCC, 2007). Climate change scenarios for the year 2100 predict

ide concentration on woody plants is already well documented  3p jncrease in air temperature (by 2.3-4.5°C) and precipitation (by
(Saxe et al., 1998, 2001; Karnosky et al, 2003; Ainsworth and  5-30%) in the Baltic region as well (Kont et al., 2003). Because the
Long, 2005), the influence of co-occurring changes in atmospheric  jpcreased amount of precipitation is generally manifested through
humidity (induced by rain, mist and fog events) on an ecosystem increased cloud cover and frequency of wet days, the air humidity
level is almost unknown. will rise too. Moreover, as the global climate warms in response

to an increase in greenhouse gases such as carbon dioxide and

methane, the overall atmospheric content of water vapour will

* Corresponding author. Tel.: +372 7 376 219; fax: +372 7 376 222. also increase because of the increasing water vapour capacity of
E-mail address: priit.kupper@ut.ee (P. Kupper). the air.
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The driving force for evaporation from the canopy is the differ-
ence in water vapour pressure (VPD) or humidity gradient between
leaf interior and surrounding atmosphere, which depends on air
relative humidity (RH), leaf temperature (T) and air temperature
(Ta). The increase in RH reduces VPD, and a simultaneous decrease
in T, brings about an additional reduction in VPD in the case of
wet leaves (due to evaporation from the leaf surface). The decrease
in VPD due to leaf wetting is very common in conditions of cloud
forests, when the foliage of trees is cloud-immersed (Reinhardt and
Smith, 2008; Johnson and Smith, 2008), or in crop fields irrigated by
misting techniques or sprinklers (Grange and Hand, 1987; Cavero et
al., 2009), but also in regions of frequent fog (Burgess and Dawson,
2004). Generally, a decrease in VPD leads to a decreased steady-
state leaf transpiration rate in a wide range of tree species from
different habitats (Pataki et al., 1998; Meinzer, 2003; Bovard et al.,
2005; Holscher et al., 2005). Nevertheless, decreasing VPD may also
lead to increased stomatal conductance and to a consequent rise
in transpiration rate in different plant species grown at high RH
(Popisilova, 1996; Fordham et al., 2001; Nejad and van Meeteren,
2005). As both water vapour and carbon dioxide are important
regulators of stomatal behaviour, it is essential to understand the
stomatal control over these fluxes; without this, it is impossible
to make reliable predictions concerning the responses of trees and
even less, of ecosystems, to climate change.

Seedlings of two fast-growing deciduous tree species - silver
birch and hybrid aspen - were planted to create an experimen-
tal forest ecosystem at the free air humidity manipulation facility
(FAHM) site. Silver birch is a pioneer tree species widely distributed
in boreal forests growing on mineral soils both in the maritime and
the continental regions of Europe and Asia. The forecast impact of
elevated temperature and atmospheric carbon dioxide concentra-
tion on photosynthesis, growth and production of allelochemicals
are well documented in silver birch (Kellomdki and Wang, 2001;
Kuokkanen et al., 2003; Riikonen et al., 2005) and offers good pos-
sibilities for detailed future research. Hybrid aspen, however, is
the fastest-growing deciduous species in boreal conditions and is
often used as a most suitable species for short-rotation planta-
tion forestry in Northern Europe (Weih, 2004; Tullus et al., 2009).
Since a global temperature increase could be more beneficial for
deciduous tree species than for coniferous ones, the overall ecolog-
ical and economic importance of deciduous species will probably
grow at higher latitudes. However, the additional impact of pos-
sible changes in atmosphere humidity on their performance and
growth needs further study.

Our free air humidity manipulation facility (http://www.lote.
ut.ee/FAHM/in-english) is designed to alter water flux through the
canopy during the formation of a deciduous forest stand. We use
an integrated approach combining two different technologies to
increase air humidity in experimental plots: a misting technique to
atomize water and a FACE-like technology (Hendrey et al., 1999) to
mix the produced mist with air inside the plots. Although misting
is a widely used technique to reduce transpiration and canopy tem-
perature in many horticultural crops (Grange and Hand, 1987), this
is the first attempt to use this technique to study the functioning
of trees and forest ecosystems in response to climate change. The
experimental design of the FAHM facility enables the responses of
trees toincreased air humidity and concurrent changes in soil mois-
ture, leaf wetness and temperature to be studied. Simultaneously
with the aboveground study, attention will be paid to rhizosphere
processes, and to the biological diversity of the understory and
soil biota. The latter is important since ecosystem response to cli-
mate change depends on species diversity (Bengtsson et al., 2000),
although the experimental evidence until now has been controver-
sial (Niklaus et al., 2007).

Because changes in air humidity are always coupled with
changes in leaf temperature (mediated through transpiration from

leaf surface), it is very complicated to manipulate these two
variables independently in free-air conditions. Therefore, the find-
ings of the FAHM experiment might usefully complete ecosystem
warming experiments, which sometimes circumvent the effect of
humidity gradient between leaf and air (primarily that resulting
from temperature differences) on plants functioning.

In this paper, we present a description of the facility, design
of the FAHM experiment and our preliminary results to demon-
strate that the xylem sap flux density of trees is affected by artificial
humidification in free-air conditions. We set up the hypothesis
that xylem sap flow of fast-growing deciduous tree species is sig-
nificantly reduced during mist fumigation, whereas the presumed
increase in the stomatal opening cannot compensate for the decline
in water flux through the canopy due to the effect of elevated RH.

2. Materials and methods
2.1. Description of study site and experimental plots

The experimental facility is located at Roka village, Jarvselja
Experimental Forest District (58°24'N, 27°29'E, altitude 40-48 m),
in south-eastern Estonia. The long-term average annual precipita-
tion of the region is 650 mm and the average temperature is 17.0°C
in July and —6.7°C in January. The growing season usually lasts
175-180 days from mid-April to October. The experimental area
was established on an abandoned agricultural field in 2006-2007.
The study site is a fenced area of 2.7 ha containing nine 14 mx 14 m
experimental plots arranged in two rows and surrounded by a
buffer zone. The relief of the site is gently sloping with a maximum
difference in elevation of about 8 m. The soil is a fertile Endogenic
Mollic Planosol (WRB) with an A-horizon thickness of 27 cm. Total
nitrogen content is 0.11-0.14%, C/N ratio 11.4, and pH 5.7-6.3.

One-year-old seedlings of silver birch (Betula pendula Roth.) and
micropropagated hybrid aspen (Populus tremula L. x P. tremuloides
Michx.) plants were planted in the experimental area in spring
(birch) and autumn (aspen) in 2006. The stand density in the buffer
zone around the experimental plots is 2500 trees ha~!; the den-
sity in the experimental plots is 10,000 trees ha™l. In the spring of
2008, shortly before the experiment was started, the average height
(+£SE) of the trees in nine experimental plots varied from 102 + 1.2
to 112 £+ 1.8 cm for hybrid aspen and from 127 £4.7 to 163 £ 5.0cm
for silver birch.

To investigate the impact of soil biota and understory species
diversity on ecosystem functioning, two different types of ground
vegetation were established in the plots, representing either dis-
turbed forest vegetation, such as that usually recorded in recent
clear-cut areas in Jdrvselja forest, or early-successional vegeta-
tion, such as that in abandoned arable fields, with low diversity
and a strong dominance of a few grass species. The experimental
“forest community” was created by transplanting 0.5 x 0.5 x 0.2 m
patches of forest understory vegetation from a nearby forest clear-
cut, inserted in the centres of 1 m x 1 m frames between planted
trees in the spring of 2006. Simultaneously, seeds of all forest herba-
ceous plant species fruiting in the autumn of 2006 were collected
and the mixture of seeds was sown in the spaces between the trans-
plants. Forest species successfully regenerated via vegetative or
seed regeneration. Early successional species also emerging in “for-
est community” have been regularly weeded out until now. “Early
successional community” was created by sowing Phleum pratense
L.—a grass species naturally dominating in surrounding old fields.
In addition, a few other early successional species emerged spon-
taneously.

The vegetation in each experimental plot is divided into quar-
ters: north (silver birch in “forest community”), east (silver birch
in “early successional community”), south (hybrid aspen in “forest
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Fig. 1. A general layout of the FAHM experimental plot including main system
hardware.

community”) and west (hybrid aspen in “early successional com-
munity”). Along the central line of each plot a thin weatherproof
polycarbonate plastic plate (30 x 1400 x 0.8 cm; indicating height,
length and width, respectively) was installed in the topsoil, to iso-
late the roots of two adjacent tree species. As the central line of
the plots follows the natural slope of the site, the plate is not an
obstacle for the horizontal flow of soil water.

2.2. Description of the FAHM system

The FAHM system hardware (Fig. 1) consists of a high-volume
blower (4m3s~1, 11kW), a plenum pipe (diameter 30 cm) for air
distribution, 12 extendable vertical vent pipes (VVP; presently 3 m
high) for emitting air, mist emitting nozzles, electrically operated
valves at each VVP for turning on/off air and water flow, and a
computer system to operate valves and to communicate with the
central server. A centrifugal pump (1.2kW) takes water from a
nearby pond; water is filtered through a 20 um replaceable filter
and softened with a DME demineralizer (Prominent Dosiertech-
nik GMBH, Heidelberg, Germany). Five button-type misting nozzles
(0.5 mm; Mist Cooling Inc., Richmond, TX) at each VVP, located ver-
tically 30 cm apart from each other, atomize 41 water per hour
under 0.8 MPa pressure with a mist drop size of ~50 wm. Six
computer-operated air and water valves are opened at the same
time on the windward side. Air, coming out of slots cut into VVP-s,
is used to help mix the mist emitted from nozzles more effectively.

Experimental plots with FAHM system hardware also have
boxes with built-in Rabbit BL2600 microcomputer systems (Rab-
bit, Davis, CA). Each BL2600 has inputs connected to wind sensors
(Windsonic; Gill Instruments, Lymington, UK), air temperature (Tp)
andrelative humidity (RH) sensors (HMP45A; Vaisala, Helsinki, Fin-
land), and outputs connected to the air and water valves, water
pump and blowers. The BL2600s are connected together with WIFI
data-links to the central PC inside a small log-house at the site.
Server/client software, written in Delphi 2007, allows the moni-
toring of wind speed and direction, air temperature and relative
humidity inside and outside the experimental plots. The sensors
are located in the centre of the plot 1.5m above the ground and
10-15m outside the plot as a reference. The operator can set up
the program response time to wind changes. Data collected every
3-10s are saved in a MS Access database.

The shortest distance between the neighbouring experimental
plots is 26 m to minimize the drift of water vapour between the
plots. In three experimental plots (H1, H2, H4) the air humidity was
increased over the ambient level by fumigating trees with mist in
the years 2008 and 2009. Fumigation was applied daily (Sundays
excluded) from 9.00 to 17.00 h from the 1st of June to the 31st of

August in 2008; and from 9.00 to 19.00 h from the 5th of May to the
25th of September in 2009. Misting was carried out if the ambient
RH was <75% and wind speed <4 ms~!. The overall sum of misting
was 253 h and 684 h in 2008 and 2009, respectively.

Five experimental plots (H3, C1, C2, C3 and C4) were used as
control areas without misting in 2008. Although the sample plot
H3 was provided with a high-volume blower like other H plots,
mist was not added in this particular plot. Therefore, we used H3
plot as an additional (with blowing) control for the humidification
treatment in 2008. Sample plots C1-C4 were not provided with a
blower but served also as controls. In 2009 only the sample plots C1,
C2 and C4 were used as controls, whereas the plots H3, C3 and D1
were surrounded with a 3 m high transparent film wall and served
henceforth as “open-top” plots (not included in the current analy-
sis). The experimental plot D1 is a prototype plot provided with an
industrial air-dryer (RZ-101, Seibu Giken DST AB, Spanga, Sweden)
to decrease air humidity below the ambient level.

2.3. Basic measurements in experimental plots

An automatic weather station (Campbell Scientific, Logan, UK)
measuring wind speed and direction, photosynthetically active
radiation, net solar radiation, air temperature, air relative humid-
ity, precipitation and barometric pressure, has been collecting data
on the site since November 2006. Several environmental variables
were continuously measured and recorded in each experimental
plot: air temperature and relative humidity (HMP45A humidity
and temperature probe) in 3-4 replications at the mean height
of the canopy; photosynthetically active radiation (LI-190SZ quan-
tum sensor; LI-COR Biosciences, Lincoln, NE) in 3 replications at
the mean height of the canopy; precipitation (TR-4 tipping bucket
rain gauge; Texas Electronics, Dallas, TX) in 9 replications above the
ground vegetation; soil temperature (ST1 soil temperature probe;
Delta-T Devices, Burwell, UK) and soil water potential (EQ2 equi-
tensiometer; Delta-T Devices) in 6 replications at depths of 15 and
30 cm. The readings of the sensors were collected every 10-60 s and
stored as average values every 1-10 min with a data logger (DL2e;
Delta-T Devices).

To estimate the amount of percolated soil water, plate lysime-
ters made from stainless steel with a collecting area of 627 cm?
were installed in the soil at a depth of 40 cm in June 2008. Polyethy-
lene tubes connected the lysimeters with water collectors (5000 ml
polyethylene canisters disposed at a depth of 1 m). Water from the
canisters was sampled, using a peristaltic vacuum pump, through
a plastic pipe. Each quarter of the experimental plot contains one
lysimeter. For rhizosphere studies, the fine root (diameter <2 mm)
turnover in the sample plots will be estimated by the minirhizotron
technique. In each quarter of a plot, three transparent acrylic tubes
with an inner diameter of 50 mm were installed in the soil at a 45°
angle.

2.4. Measurements of plant variables

The xylem sap flow of sample trees was recorded with five
sap flow systems of T4.2 (EMS Brno, Brno, Czech Republic) pro-
vided with ‘Baby Kucera’ sap flow sensors for 8-12 and 12-18 mm
stem diameter in 2008. Six sap flow systems FLOW4 (Dynamax Inc.,
Houston, TX) coupled with STG 25 stem gauges were used in addi-
tion to the T4.2 systems in 2009. Four silver birch trees from the
centre of each plot were fitted with sap flow gauges from July to
October in 2008. In 2009, four sample trees of both silver birch and
hybrid aspen from the centre of each experimental plot were fitted
with sap flow gauges from May to September. In both years half of
the sample trees were selected from the “forest community” and
the other half from the “early successional community”. The sap
flow data was recorded every 1min and stored as 10-min aver-
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ages by T4.2 and as 30-min averages by FLOW4. For ‘Baby Kucera’
sensors the average values recorded in humid nights (RH>95%)
were used in baseline subtraction procedure in both years. Base-
line values were calculated for every 5-day interval over the whole
measurement period to exclude the effect of increased stem heat
storage capacity on the determination of the baseline value.

To express the sap flux density per unit projected leaf area (F;
mmol m~2 s~1), the total leaf area was determined at the end of July
in 2008 and at the beginning of August in 2009. For that purpose, all
the leaves of sample trees were counted and 20-50 sample leaves
were randomly collected and their area measured with a laser area
meter CI-203 (CID Inc., Camas, WA) or with an optical area meter
LI-3100C (LI-COR Biosciences, Lincoln, NE). The total leaf area was
calculated from the area of sampled leaves and the total number of
leaves.

Leaf temperature (T ) was measured on two sample trees of sil-
ver birch in plots C1 and H1 using leaf temperature probes (MT2;
Delta-T Devices) in 2009. Each of the four trees was provided with 3
sensors located in the lower, middle and upper thirds of the canopy.
Additionally, the temperature of leaves was measured episodically
with a thermal camera Thermacam FC 640 (FLIR Systems AB, Dan-
deryd, Sweden).

2.5. Data analysis

For comparison of the experimental data between the control (C
plots) and misting treatment (H plots), a repeated measure analysis
of variance (ANOVA) was applied on datasets. Repeated datasets of
three summer months (from June to August) were used to compare
the averages of RH, air temperature, soil water potential and pre-
cipitation in 2008. The daily averages of sap flux density during mist
fumigation were analysed in July and August 2008 (on 34 days) and
in July 2009 (on 8 days). The data sets of non-fumigated days were
based on the measurements of 9 consecutive Sundays in July and
August 2008 (from 9:00 to 17:00 h), and on 3 Sundays in July 2009
(from 9:00 to 19:00 h). The number of analysed days depended on
the comparability of the datasets between individual plots: only
the days without any gaps in sap flow data were included into the
analysis.

To find out differences in leaf temperature, leaf-to-atmosphere
humidity gradient and canopy conductance, the daily averages dur-
ing mist fumigation were analysed with repeated ANOVA on 11
days in July and August of 2009. The canopy conductance to water
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vapour (g¢) was calculated according to Fick’s law:
8c = F/(wj —wa) (1)

where F is sap flux density; w; and w, are the mole fractions
of water vapour in leaf intercellular spaces and in the atmosphere,
respectively. To derive g. from F, we assumed the capacitance of
small stems to be negligible. Moreover, we used only the daily
averages of F in the data analysis, which minimises the possible
stem capacitance effect (observable on a diurnal scale) on canopy
conductance.

The plate lysimeter data were analysed with a Student’s t-test
and the relationship between RH change and wind speed inside
the misting plots was described using nonlinear regression anal-
ysis. Data analysis was carried out using the computer package
Statistica, Version 6.0 (StatSoft Inc., Tulsa, OK).

3. Results
3.1. Effect of humidification on environmental variables

Our results suggest that the free air humidification facility
enables air humidity to increase considerably over the ambient
level inside a young deciduous forest stand. The misting resulted
in about 7 units (%) higher RH in humidification plots compared
with the control plots (P<0.05) during the mist fumigation applied
from June to August in 2008 (Fig. 2A). Although the air temperature
(Ta) varied among the experimental plots, the difference between
the treatments was negligible (Fig. 2B). The increase and variability
of air humidity depended mainly on wind velocity (u) inside the
experimental stand. With increasing u the mist was carried quickly
through the plot and the efficiency of air humidification decreased
(Fig. 3). However, on calm days the increase in RH reached up to
18% inside plot H1, which was characterised by the lowest u.

The mist fumigation did not increase the amount of precip-
itation in H plots (Fig. 4A). Although soil water potential (¥s)
demonstrated lower values in the control plots compared to H
plots from June to August (Fig. 4B), the difference was statistically
insignificant. However, when ¥s was analysed by single months
the difference turned out to be significant in August (P<0.05). The
impact of different tree species on percolation water collected with
plate lysimeters was significant for H plots (P< 0.05), but not for C
plots. The effect of misting was more pronounced for hybrid aspen:
the leachate formed 0.98 and 0.07 mmday~! in H and C treatments,
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Fig. 2. Monthly average values of air relative humidity (A) and air temperature (B) in control (n=3) and misting (n =3) plots during mist fumigation from June to August in

2008. The bars denote standard error of the mean.
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Table 1

Daily average values of stem sap flux density (mmol m~2 s~1) of sample trees in control (n=5 in 2008; n=3 in 2009) and misting (n =3) plots during mist fumigation and on

misting-free days in the summers of 2008 and 2009.
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Year Tree species During mist fumigation Without mist fumigation
Cplots H plots Pvalue C plots H plots Pvalue
2008 Silver birch 141 1.06 <0.05 1.04 0.98 ns
2009 Silver birch 1.03 0.75 <0.01 0.96 1.01 ns
2009 Hybrid aspen 1.26 0.49 <0.001 1.03 0.63 <0.001
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Fig. 3. Relationship between wind speed and the difference in air relative humidity
(RH) inside and outside the experimental plot H1 in July 2008.

respectively (P<0.001); for silver birch the respective values were
0.54 and 0.04 mmday~! (P<0.05).

3.2. Effect of mist fumigation on tree and leaf variables

In silver birch, the mean sap flux density (F) per unit leaf area was
24.8% (P<0.05) higher in C plots compared to H plots during mist
fumigation from July to Augustin 2008 (Fig. 5; Table 1). However, on
the days without fumigation (Sundays), F did not differ significantly
between misting and control (Fig. 6; Table 1). F of sample trees
was significantly lower in misting plots than in control ones during
mist fumigation also in July 2009; the average difference between
H and C plots was 27.2% in silver birch and 61.1% in hybrid aspen.
Surprisingly, F in hybrid aspen was 38.8% (P<0.001) smaller in H
plots even on Sundays when misting was not carried out (Table 1).
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Fig. 5. Daily average values of stem sap flux density in silver birch trees during mist

fumigation in control (n=5) and misting (n=3) plots from July to August in 2008.
The bars denote standard error of the mean.
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Fig. 6. Daily average values of stem sap flux density in silver birch trees on misting-
free days in control (n=5) and misting (n=3) plots from July to August in 2008. The
bars denote standard error of the mean.

The leaves of silver birch demonstrated on average 2.4 °C lower
temperature in H1 plot compared to C1 plot (P<0.05; Table 2). The
humidity gradient (ANyy) between leaf and atmosphere was 38%
lower in the trees of the H1 plot during mist fumigation. How-
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Fig. 4. Monthly sum of precipitation (A) and monthly average values of soil water potential (B) in control (n=3) and misting (n=3) plots from June to August in 2008. The

bars denote standard error of the mean.
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Table 2

Average values of leaf temperature, humidity gradient between leaf and atmosphere, sap flux density, and canopy conductance in silver birch trees in control plot C1 (n=2)

and misting plot H1 (n=2) during mist fumigation in July and August 2009.

Parameter C1 plot H1 plot Pvalue Difference (%)
Leaf temperature (°C) 22.3 19.9 <0.05 11

Humidity gradient (mmol mol-1) 9.29 5.71 <0.05 38
Theoretical humidity gradient® (mmol mol-') 9.29 7.02 <0.05 24

Sap flux density (mmolm=2s-1) 1.1 0.76 ns 31

Canopy conductance (mmolm=—2s-1) 127 137 ns 8

2 Theoretical humidity gradient assumes that the leaf temperatures in H and C plots are equal.

ever, when we calculated a theoretical humidity gradient, which
excludes the effect of leaf temperature on differences in ANyy
between the treatments (assuming that the average leaf temper-
ature in H1 plot was as high as in C1 plot), then the difference
was 24% (Table 2). Thus, about 1/3 of the difference in leaf-to-
air humidity gradient between control and misting treatment was
attributable to the lowered leaf temperature, and about 2/3 to the
increased air humidity during mist fumigation. At the same time,
the sap flux density of the sample trees in the H1 plot decreased
31% compared to the trees in the control plot (Table 2). However,
the difference turned out to be statistically insignificant (P> 0.05),
probably because of high variation among the trees and the lim-
ited number of sample trees. Although canopy conductance was
slightly (by 8%) higher for the trees in the H1 plot during mist fumi-
gation, the difference was not significant between the treatments
(P>0.05).

4. Discussion

Although several experimental studies have demonstrated the
impact of increased air humidity on plant water relations and gas
exchange (Fordham et al., 2001; Leuschner, 2002; Nejad and van
Meeteren, 2005; Cunningham, 2006), there is still not much infor-
mation on how increased air humidity could affect trees and forest
functioning in the light of global climate change. Several investiga-
tions have been focused on rather short-term effects of high VPD
or misting on flowers (Gilseréd and Mortensen, 1990; Torre et al.,
2003), field crops (Nijs et al., 1996; del Amor and Marcelis, 2005;
Cavero et al., 2009) and herbaceous species grown in growth cham-
bers (Leuschner, 2002; Nejad and van Meeteren, 2005). Although
recent studies have focused on the effect of VPD in woody species,
knowledge of long-term impacts of increased humidity and leaf
wetting on trees and forest functioning has been scant and needs
further studies (Cunningham, 2006; Dietz et al.,2007; Lendzion and
Leuschner, 2008).

Our results suggest that mist fumigation in free-air conditions
enables humidity gradient between leaf and atmosphere to be
decreased by up to 38%, whereas about 1/3 of this impact could be
explained by the decrease in leaf temperature. This is due to evap-
oration from the wet leaf surface, which is a common phenomenon
in cloud or redwood forests (Burgess and Dawson, 2004). Even
6.6°C lower leaf temperature in Rhododendron catawbiense and
Abies fraseri seedlings under cloud immersed conditions (Johnson
and Smith, 2008) has been observed. Such differences in T, may cre-
ate significant changes in many physiological processes in a plant
leaf, including photoinhibition (Johnson and Smith, 2008) dark res-
piration (Bunce, 2007) and changes in phenology (Vitasse et al.,
2009).

However, despite the lower T; during mist fumigation, the major
component determining humidity gradient between leaf and atmo-
sphere was the air humidity. In general, the humidity treatment
(including the effects of air humidity, leaf temperature and leaf wet-
ting) decreased sap flux density during mist fumigation more than
20-25%. The difference in humidity-induced changes of F between
silver birch and hybrid aspen trees suggests that these fast-growing

species behave differently under misting stress, at least at a young
age. Nevertheless, it is likely that the differences observed in F in
hybrid aspen trees between the treatments (i.e. large difference on
misting and substantial difference on misting-free days) result also
from plant intrinsic traits, reflecting long-term acclimation to mist
fumigation.

A long-term reduction in sap flux density or transpiration rate
of such a magnitude should affect both tree and ecosystem func-
tioning, because water fluxes are closely related to carbon and
nutrient fluxes. Several studies (McDonald et al., 2002; Cramer et
al., 2009) have shown that decreased transpiration may restrict
mass flow of mineral nutrients from soil and roots up to the foliage.
A high rate of nutrient acquisition seems to be especially impor-
tant in fast-growing and shade-intolerant tree species that are
characterised by high leaf nitrogen content and considerable night-
time stomatal conductance and transpiration (Daley and Phillips,
2006; Marks and Lechowicz, 2007). Intense night-time transpira-
tion has been observed in natural and climate chamber conditions
also in silver birch and hybrid aspen (Sellin and Lubenets, in
press; P. Kupper, unpublished data). It could be that a considerable
decrease in tree canopy transpiration may lead to decreased growth
and productivity in fast-growing tree species like silver birch and
hybrid aspen if humidity and precipitation increase as a result of
future climate trends; this could be more pronounced in North-
ern regions where soil water availability usually does not limit tree
growth.

The decrease in sap flow or transpiration rate as a consequence
of increasing RH is a universal response in various tree species.
However, in some cases the decreasing VPD may lead to increased
stomatal conductance and a consequent increase in transpira-
tion rate (PopiSilova, 1996; Fordham et al., 2001; Nejad and van
Meeteren, 2005). Nevertheless, this was not the case in our study,
because the canopy conductance was not significantly higher in the
misting plot compared to the control plot (Table 2). It is probable
that the slightly higher (statistically insignificant) canopy conduc-
tance recorded in trees of the H plot was due do higher soil water
availability. This idea is supported by the data of plate lysimeters,
which collected a much higher amount of leached water in misting
plots than in control ones. Also, the soil water potential was higher
in the misting treatment, although it was statistically significant
only in August. In general, the ¥ varied highly within treatments,
and this could be one reason why it was not significantly higher in
the misting treatment in June and July 2008. The lysimetric data
showed clear differences in the amount of percolated water also
between birch and aspen stands within the experimental plots. This
was probably because of overall higher size and leaf area of silver
birch trees, which led to higher stand evapotranspiration rate.

The larger amount of percolated water and also higher ¥ in H
plots in August 2008 might be the result of the decreased transpira-
tion of trees and ground vegetation caused by the increased RH, as
well as the irrigating effect of misting in the form of occult precipi-
tation. Soil water saving effect has been demonstrated in response
to decreased stomatal conductance and transpiration rate in several
tree species growing under elevated carbon dioxide concentration
(Wullschleger et al., 2002; Leuzinger and Kérner, 2007).
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To summarise, our results suggest that the FAHM system allows
water fluxes through tree canopies to be altered and, as a conse-
quence, tree (and likely ecosystem) functioning in field conditions
to be affected. However, the effect of misting on sap flow and
other physiological processes is probably quite variable in differ-
ent summers because of the natural variability of air humidity,
solar radiation, and rainfall from year to year. Nevertheless, the
lower daytime sap flux density and leaf temperature during mist
fumigation may induce considerable changes in leaf anatomical
traits, tree respiration rate, photosynthesis, stomatal behaviour,
water-use efficiency, biomass allocation, growth, and phenology
in fast-growing tree species like silver birch and hybrid aspen.
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