





University of
West Hungary,
Sopron, Hungary

Chapter 2.1

Reforestation under climate change
in temperate, water limited regions:
current views and challenges

Csaba Matyas

ABSTRACT

The ecological benefits of forests and afforestation at the sensitive lower edge
of the closed forest belt (at the “xeric limits”) are still disputed. Forests control
erosion, dust storms and silting of streams but may reduce stream flow and
reduce groundwater table level due to higher water use with consequences for
water management. The forest/grassland transition zone is especially vulnerable
to projected drastic temperature and precipitation shifts in the future. In spite
of contrary expectations, the effect of forests and afforestation in improvement
of regional climate conditions is restricted. Ecologically conscious forest policy
and management requires the consideration of local conditions, of projections
of future climatic conditions and also of non-forest alternatives of land use.
The chapter investigates some of the relevant aspects of the ecological role of
forests at the dryland edges on the example of three countries/regions on three
continents.
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1 INTRODUCTION

In  the drought-threatened regions of the Eurasian and North
American  forest  steppe*  zone, reforestation and  afforestation?
has been long considered as crucial in rehabilitating of degraded, over-exploited
lands, in stabilizing water supply, reducing desertification and in improving regional
climatic conditions.

However, the generally positive effects of afforestation on regional climate and water
resources are presently debated. Due to the limited understanding of interactions
between physical processes and land cover, the dispute is still unresolved (Ellison et al.
2011), although the opinion prevails that in the forest steppe zone, water consumption
of man-made forests might contribute to water scarcity and aridification, and may
not achieve the goals of environmental protection (Jackson et al., 2005; Sun et al.,
2006; Andréassian, 2004; Brown et al., 2005; Wang, Y. et al., 2008). Projected changes
in global climate pose a further challenge on dryland ecosystems, as relatively small
changes in the moisture balance may lead to considerable ecological shifts. Forests
may even become a factor of increasing climate forcing (Driszler et al., 2010; Gélos et
al., 2011; Matyas et al., 2009).

1.1 Climate, water and forests

Precipitation and temperature are the ultimate drivers of vegetation distribution on
earth. Globally, zonal forests are generally found in areas where annual precipitation
exceeds evapotranspiration, and thus forests are both dependent from and the
sources of surface water resources. For example it is estimated that 50% of US water

1 Forest steppe is the transition zone to grasslands where (natural) forests largely depend on
locally accessible surplus water

2 The terms afforestation and reforestation are used in this paper largely as synonyms. l.e.
the question of original vegetation cover is left unconsidered, as it is difficult to assess it in

landscapes under heavy human influence
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supply comes from forest lands (Brown et al., 2008). Water use by temperate forests
is generally less than 700 mm during the growing season, suggesting that ecosystem
water use (tree transpiration + evaporation) is limited by energy and water availability
(Sun et al., 20113, Fig. 2). Analyzing temperate grassland and forest sites in the USA,
Sun et al. (2011a) found that in the warm-temperate zone forests require at least 400
mm of precipitation in the growing season to sustain desired functions, and grassland
and scrublands are found at sites where growing season precipitation is below 400
mm (Fig. 1). Interestingly, atmospheric precipitation was barely sufficient for most
ecosystems among the 16 ecohydrological study sites in the USA, with only one
exception in the humid subtropical region (Fig. 1).
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Figure 1. Growing season precipitation and grass reference evapotranspiration (i.e., P-ET)

are major drivers for zonal vegetation distribution. Data are derived from an ecohydrological

study with sites in the United States, China, and Australia. The figure shows grassland

sites (cold steppes and milder-climate shrublands), poplar plantations where precipitation

exceeds 400 mm (warm forests), respectively temperate forest sites (Sun et al., 20113,
Matyas, Sun and Zhang 2013)
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Figure 2. Water use (growing season evapotranspiration vs. precipitation) of grasslands and
forests across ecohydrologic study sites (Matyas, Sun and Zhang 2013)

2 EFFECTS OF FORESTS ON HYDROLOGICAL BALANCE IN
DRY REGIONS

Compared to grasslands or short-cycle crops, forests have large above-ground
biomass and deeper roots, therefore can use more water (Wang, Y. et al., 2011) and
can capture larger amounts of carbon through photosynthesis as carbon and water
cycles are highly coupled (Law et al., 2002; Sun et al., 2011b). World-wide vegetation
manipulation experiments show that forest removals reduce water use, i.e.,
evapotranspiration (ET), and thus increase watershed stream flow. On the other hand,
reforestation or afforestation on watersheds previously covered by native grassland
can reduce stream flow due to an increase in ET (Andréassian, 2004). Forests have
higher ET than harvested sites or croplands, so groundwater table levels are generally
lower under forests (Sun et al., 2000, see also Fig. 3).

Earlier long-term forest hydrologic studies focused on deforestation effects, floods
and sedimentation (Alila et al., 2009). Hydrologic studies on the consequences of
afforestation have emerged in the past decade (Scott et al., 2005; Sun et al., 2006;
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Wang, Y. et al., 2011). In particular, evaluation of worldwide reforestation campaigns
has shown that human intervention requires a closer look at the unexpected
consequences. An emerging question is how reforestation in different climatic regimes
affects watershed functions such as water yield (Sun et al., 2006). The potential
water yield reduction following afforestation for bioenergy development, ecological
restoration, respectively for climate change mitigation, has drawn renewed attention
to the relations between forests and water resources in watersheds (Calder, 2002;
Brown et al., 2005; Jackson et al., 2005; Trabucco et al., 2008; Malmer et al., 2009) and
on a regional scale (Ellison et al., 2011). The hot debate on ‘planting’ or ‘not planting’
policies is especially relevant in arid regions or regions with scarce water resources
(Greeff, 2010).

2.1 China: landcover changes and effects on streamflow

Comprehensive forest hydrological studies that address forest-water relations did not
start until the 1990s. Important findings emerged rapidly in the past two decades (Wei
et al., 2008). In dry Northern China, such as the Loess Plateau region, empirical and
modeling studies confirm that that forest vegetation and associated soil conservation
engineering had significant influence on watershed stream flow (Zhang et al., 20083;
2008b; Wang, Y. et al., 2011; Wang, S. et al., 2011).

Recent forest hydrology studies have detected that land cover and land use changes
played a substantial role in stream flow reduction downstream (Zhang et al., 20083;
2008b). A water balance modeling study suggests that if 5.8% and 10.1% of the study
area on the Loess Plateau is planted with trees, stream flow will decrease by 5.5% and
9.2%, respectively. The rate of stream flow reduction decreased from dry to wet area
in the Loess Plateau region (Zhang et al., 2008a). In another 4o-year retrospective
study (1959-1999), Zhang et al. (2008b) examined stream flow and climate data from
11 catchments in the Loess Plateau to investigate the response of stream flow to
land use/cover changes. They found that all catchments had significant reductions in
annual stream flow of -0.13 to -1.58 mm per year between 1971 and 1985. Land use/
cover changes accounted for over 50% of the reduction in mean annual stream flow
in 8 out of the 11 catchments while in the remaining three watersheds precipitation
and potential evaporation were more important. Among the soil conservation
measures, construction of sediment-trapping dams and reservoirs, and the diversion
for irrigation appeared to be the main cause of reduced stream flow.
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To understand the effects of vegetation on stream flow in the Loess Plateau region,
Wang, Y. etal. (2011) constructed multi-annual water balances for 57 basins to estimate
annual evapotranspiration (ET) and runoff for forest lands and non-forest lands. The
authors argue that large-scale afforestation may have serious consequences for
water management and sustainable development in dry regions because of runoff
reduction.

2.2 United States: effects of landcover management

Since the late 1930s, numerous ‘paired watershed’ studies have been conducted in
the United States to examine forest management effects (harvesting with various
intensities, species conversion, farming as an alternative), on water quality and yield
across various climatic and topographic conditions (Ice and Stednick, 2004). In general,
humid areas with high precipitation have higher hydrologic response in absolute terms,
but dry areas with low water flow can have a higher relative response. For example,
clear-cutting a deciduous forest in the humid south-eastern US, with an annual
precipitation >1800 mm, can result in an increase in stream flow of 130-410 mm per
year, which is 15-40% of undisturbed control watersheds, while the same management
practice in the drier area of northern Arizona with an annual precipitation of 50o0-600
mm may result in a water yield increase of 60 mm or >40% of undisturbed control
watersheds. Zou et al. (2009) summarized century-long vegetation manipulation
experiment studies in the Colorado River Basin that provide a bounty of knowledge
about effects of change in forest vegetation on stream flow in water-deficit areas.
The watershed is situated at the headwaters of streams and rivers that supply much
of the water to downstream users in the western United States. The authors found
that vegetation can be managed to enhance annual water yields while still providing
other ecological services. The effects of vegetation manipulation on stream flow are
associated with the precipitation/elevation gradient and, therefore, with vegetation
type. An annual water yield increase between 25 and 100 mm could be achieved by
implementing vegetation manipulation in the high elevation subalpine and mixed
conifer forests, the lower ponderosa pine forests and portions of the low elevation
chaparral scrublands. The annual precipitation was generally above 5oo mm in areas
where a 100 mm increase in stream flow was achieved. Negligible or small increases
in water yield were observed from treating sagebrush, pinyon-juniper woodlands
and desert scrubs, with an annual precipitation below 500 mm. This study suggests
that reforestation is likely to cause relatively larger hydrologic effect in areas where
precipitation is roughly balanced by evapotranspiration demand, i.e., above 5oo mm.
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2.3 Hungary:reforestation and its effect on groundwater resources

In the last century, large-scale reforestation programs changed the land cover of the
Hungarian Great Plain, with the aim to improve not only timber supply but also the
regional climate and hydrology of the largely treeless landscape. For example, on the
Danube-Tisza Sand Plateau, a region of 828 thousand ha, forest cover increased in
four decades from 5 to 26%. A debate between hydrologists and foresters about the
true effects of reforestation led to numerous studies to investigate effects of forest
cover on water resources.

Measurements confirmed that in areas where deep rooting forests can tap the
groundwater, the evapotranspiration (ET) rate surpasses the amount of precipitation.
On the Sand Plateau, with an average annual precipitation of 526 mm, ET was
estimated from MODIS daytime land surface temperature data. Average annual ET
of forests was estimated at 620 mm a*, which was about 8o mm more than the actual
annual precipitation (Szilagyi et al. 2012). In a black pine plantation a mean annual
ET rate of 722 mm a* was registered by Major (2002) out of which 130 mm originated
from the groundwater.
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Figure 3. Water table fluctuation in the course of one year under an oak forest (Quercus
robur) and a neighboring grassland (fallow) site in the forest steppe zone of Hungary (design:
N. Méricz in: Matyas, Sun and Zhang 2013)
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In other studies the groundwater consumption of forest and of grassland was
compared. In a somewhat less harsh climatic environment of 570 mm annual
rainfall and a growing season precipitation of 360 mm (i.e. still a potential grassland
climate according to Sun et al. 2011a), an oak forest had approx. 30% more annual
evapotranspiration than a neighboring fallow (405 vs. 283 mm). The difference was
however much higher in average groundwater use (oak: 243 mm, fallow: 85 mm). The
groundwater consumption was close to 60% of the total transpiration of the oak forest
and approximately 30% of the fallow. Groundwater consumption was approximately
40% less in a wet than in a dry growing season, despite the fact that the groundwater
table was deeper during the dry period (Mdricz et al. 2012).

Various measurements have shown that in shallow groundwater areas on the
Danube-Tisza Sand Plateau forest vegetation may lower water table from o.5 up to
1.2m compared to the level below herbaceous vegetation (Major 2002). Under natural
conditions, if maximum groundwater level (in April) is deeper than -2.5 m, grassland
predominates in this climate.

Measurements revealed that in the Hungarian forest steppe climate zone, forest cover
does not contribute to groundwater recharge or to runoff, and utilizes additional,
near-surface groundwater resources. Due to lower groundwater levels under forests,
local water table depressions develop, which may direct groundwater flow toward
forested patches.

3 THE CHALLENGE OF CHANGING CLIMATE

3.1 The climatic transition zone at the forest/grassland edge

The climatic and biogeographic conditions of the continental plains of South-eastern
Europe and of temperate Northeast Asia are very diverse, which is also true for their
socio-economic statuses and current problems (i.e. land use change, soil degradation
or desertification). What makes this region specific is the presence of the so-called
xeric limit of forests and forest tree species.
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Xeric (or rear, trailing3) forest limits are at the low latitude, low altitude end of
distribution ranges of temperate forest trees, where presence or absence of (climate-)
zonal, closed forests is determined by climatic aridity (Matyas et al., 2009). Xeric
limits appear in low-precipitation zones of continental plains, along the foothills of
mountain ranges, and at the edges of dry basins in the temperate-continental climate.
At the xeric limit, the closed forest belt forms a transition zone (ecotone) toward the
open woodland or forest steppe, which dissolves with decreasing precipitation into
the true steppe or grassland. The forest/grassland ecotone is dependent on a volatile
minimum of rainfall and is therefore sensitive to prolonged droughts. The physical
characteristics of the land surface (e.g., albedo, evapotranspiration, roughness etc.)
as well as carbon cycle and ecological services are strongly affected by land use policy
and changes in this area.

The forest steppe belt reaches from the plains of Southeast Europe and South
Russia into Southern Siberia and North China. Temperate xeric limits exist also on
other continents, along the edge of the Prairies of North America, notably from the
southwest states of the USA northward into Alberta (Canada). In Southeast Europe,
and also in China the transition zone is a densely populated and is an agriculturally
important region which has been under human influence for millennia. On flat terrain,
the climatic transition from closed forests to grassland is difficult to trace, due to
variability of hydrological conditions and, first of all, due to strong human interference.

Forest ecologists in Eastern Europe distinguish a specific forest steppe (woodland)
climate. According to Hungarian data, the zone classified into this category is
characterized by an average precipitation of 563 mm per year, a July mean of 21,5
°C and a water deficit of 346 mm (Matyas and Czimber 2000). Scarce precipitation in
the vegetation period (approximately 320 mm) and frequent summer droughts limit
the presence of closed forests except to sites where supplementary water resources
are available below ground. Forest crown interception and litter interception may
further diminish available water resources even in more humid forested catchments
(Gribovszki et al 2006). In forest steppe climate, loss through crown and litter
interception can be up to 25-40%. Native, deciduous species have generally values
under 30%, whereas conifer plantations intercept between 35 and 40% of the already
meager precipitation (Jaré 1980). Natural forest cover remains therefore patchy in
this zone, indicating mosaics where groundwater influence improves site conditions.

3 The terms in brackets refer to events of postglacial migration, where xeric limits represent
the “rear” end of shifting vegetation zones, triggered by gradual warming
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3.2 The climatic vulnerability of the forest/grassland transition
zone

The forest-grassland transition zone is especially vulnerable to expected climatic
changes in flat lands because of the magnitude of the latitudinal lapse rate. It is
generally known that the altitudinal lapse rate for temperature (i.e., the rate of change
with increasing elevation) is 5.0 - 6.5 °C/1000 m. The latitudinal (south to north) lapse
rate is less recognized. In the temperate zone its mean value is around 6.9 °C/12000 km
- adifference of three magnitudes. This means that predicted changes of temperature
affect disproportionately larger tracts of plains as compared to mountainous regions.
A temperature increase of only +1 °C causes a shift upwards along a mountain slope
of approximately 170 m. On a plain, the same change triggers a shift of close to 150
km (Jump et al., 2009). This explains the much greater vulnerability of rain-dependent
vegetation on plains. Predicted changes may easily trigger the loss of already sparse
forest cover, which may lead to the disruption of vital ecological services that the
forests provide.

3.3 Recently observed climatic impacts

Across the temperate zone, a relatively rapid increase of annual mean temperature
has been observed in recent decades, and the dryland zone in China and Mongolia
is no exception. In the last half century, both average temperatures and climatic
extremes increased (Qi et al., 2012). For instance, average temperatures in Mongolia
increased by more than 2 °Csince 1940 and nine out of the ten warmest years occurred
after 1990 (Lu et al., 2009). In North China, frequency of droughts intensified during
the past several decades, leading to an unprecedented increase of dry areas (Piao
et al., 2010). Growing season anomalies have been generally increasing in China in
the 2000s: drought events got significantly stronger in North China and soil moisture
declined (Zhao and Running, 2010).

Numerous studies and also IPCC's 2007 report forecast a decline in growth and
production of forests in dry regions. At the same time, analyses of impacts of climate
on forests are limited or sporadic. For instance, FAO global statistics do not yet
calculate with the effect of forest cover loss due to aridification (FAO, 2010). There
are reports about observed impacts from western North America (Allen et al., 2010;
Hogg and Price, 2000), while impacts in Eastern Europe, Central Asia and the Chinese
Drylands are less known (Zhang et al., 2008b; Piao et al., 2010; Matyas, 2010a). It
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should be noted, however, that the reason for the missing evidence for impacts of
gradually worsening ecological conditions has to be sought probably in improper data
analysis. Specific experiments on growth and yield confirm the expected negative
impact of rising temperatures on vitality and survival (Matyas et al., 2010; Fig. 4).

140

Relative height (%)

9 e T~
X South LI e
R*=0,1883***
40
™ 2 North
R™=0,4708***
20
0 T T T T T T T T
-30 20 10 0 10 20 30 40 50 60

Change of temperature sum (°C)

Figure 4. Growth response of geographically transferred Scots pine (Pinus sylvestris)

populations (provenances) to simulated warming. The increase of annual temperature sum

(in °C degree-days) resulted in a decline of relative height irrespective of origin (central,

northern or southern populations). Re-analyzed data of six Russian experiments (Matyas et
al. 2010, Matyas, Sun and Zhang 2013).

3.4 The hidden threat at the xeric limits: increasing drought

According to calculations of IPCC, projected temperature changes of the critical
summer climate at the end of the century are more drastic in the forest/grassland
transition zone than in the boreal zone of Eurasia. Projected summer precipitation
decline and shifts in drought frequency is of special significance at the xeric limits
which are extremely sensitive to even minor humidity variations. Mass mortality may
appear, especially on sites with unfavourable water regime.
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3.5 Considerations for forest management

In most temperate zone countries with drylands, instead of large scale afforestation
with plantations, returning to close-to-nature forest management seems to be the
general trend to mitigate impacts of environmental change (e.g. Xu 2011, see also
Matyas 2010a). The concept is based on the hypothesis that stability and persistence
of forest ecosystems is warranted by plant communities having evolved during the
past millennia, and enhancing the naturalness of forests will also enhance their
stability. The hypothesis is challenged at the xeric limits by numerous constraints,
such as

* long-lasting human interference and land use have caused a partial or total loss
of natural (woody) plant cover, spontaneous processes of vegetation recovering
might be very slow,

* number of native species expected to tolerate expected environmental changes
is usually low,

e functioning of close-to-natural systems is disturbed by indirect human effects
(e.g., grazing and game damages, air pollution) and by the projected climatic
changes and extreme events.

These constraints necessitate a considerate revision of the commitment to
naturalness, first of all in regions of high drought risk. It is believed that carefully
planned and active human interference is unavoidable in dry lands because the long-
term ecological and genetic effects of adaptation to environmental changes have to
be considered.

A cost-effective, scientifically based forest policy in the forest steppe zone requires
the consideration of local environmental conditions, of land use alternatives such
as restoration of grasslands and scrublands, and the use of the proper technology.
Experiences from the United States confirm that vegetation can be successfully
managed to enhance annual water yields while still providing other ecological
benefits. Carefully planned human interference is therefore essential, to achieve
a successful policy of restoration and of adaptation to the expected environmental
changes.
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4 SUMMARY AND CONCLUSIONS

Current views and experiences about the role of forests at dryland margins are
contradictory. Although forests provide multiple ecological benefits, reforestation or
afforestation on watersheds previously used by agriculture or covered by grassland
can reduce stream flow due to higher water use and may have serious for water
management and sustainable development. In the forest steppe climate zone, forest
cover does not contribute to groundwater recharge or to runoff, and utilizes near-
surface groundwater resources.

Forest cover influences atmospheric climate forcing. Therefore it is believed that
forests mitigate climate change impacts such as warming and aridification. Studies
indicate that in spite of increased evapotranspiration, precipitation changes are
only moderately even in extensively afforested regions. At the same time, the lower
albedo of forests may even lead to minor temperature rise. It seems that the balance
between albedo and actual evapotranspiration determines whether there is a cooling
or warming effect.

The forest/grassland ecotone is dependent on a volatile minimum of rainfall and is
therefore sensitive to climatic changes. Projected summer precipitation decline and
shifts in drought frequency may easily trigger the loss of forest cover, which may
lead to the disruption of vital ecological services that the forests provide. Because
of the extreme long-term character of forestry, the consideration of projected
future climate effects has to play a central role in management planning. Stability
and growth of forests depend on humidity conditions of the future especially in the
dryland transition zone. Concerns about hydrology and climate should be weighed
when making decisions about land use changes. Studies confirm that proper forest
management and associated soil conservation engineering have a beneficial influence
on ecology of watersheds.

RELATED WEBSITES, PROJECTS AND VIDEOS

climatic role of forests: http://www.youtube.com/watch?v=fwpfbDfKkDMU

Land Use, Land Use Change and Forestry (LULUCF): http://forest.jrc.ec.europa.eu/activities/lu-
lucf/

Northern Eurasia Earth Science Partnership Initiative (NEESPI): http://neespi.org/
MARGINS project: http://margins.ecoclimatology.com/index.html

Expected climate change and options for EU silviculture (ECHOES): http://www.forestry.gov.uk/
website/forestresearch.nsf/ByUnique/INFD-7NBCPQ
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EU targets action on forests: http://www.euractiv.com/sustainability/eu-targets-action-forests-
news-299524

EU Green Paper on forest protection and climate change: http://www.euractiv.com/sustainabili-
ty/eu-targets-action-forests-news-299524

IPCC AR4: Forestry: http://www.ipcc.ch/publications_and_data/ar4/wg3/en/chg.html
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Forests in a changing climate

Imre Berki
Ervin Rasztovits

ABSTRACT

This chapter provides quantitative information on the effect of climatic change on
the distribution, growth, health and vitality of forests. In the analyses European
beech is selected as indicator species. Although it is considered in its optimum
highly plastic and adaptable, it becomes climate-sensitive closer to its xeric
(lower) distribution limits. The future of beech in Southeast Europe requires
special attention because this region harbours significant populations living at or
near their xeric distribution boundary. Even though the low elevation occurrences
are uniquely vulnerable to climatic shifts, observations and modelling studies
pertaining to this region are particularly scarce.

Out of climatic factors determining the xeric distributional limits for beech,
Ellenberg’s drought index (EQ) appeared as the most influential. Growth response
analyses in comparative tests have confirmed the existence of macroclimatic
adaptationof beech and have proven that warming and more arid conditions lead
to decline of growth and vitality, while no decline was observed if EQ changed
in the opposite direction. The response to weather extremes was investigated in
field plots. Recurrent summer droughts of 3 to 4 consecutive years, above mean
EQ value 40-42 resulted in pest and disease attacks and mass mortality.

The discussed approaches indicate consistently a high level of uncertainty
regarding the future of beech at the xeric limit in Southeast Europe. According to
field observations and bioclimatic data in Hungary, a large part of low-elevation
beech forests presently in the zone of EQindex =20 might be threatened by the
warming in the second half of the century, while higher-elevation occurrences
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may remain stable. The interpretation of the results bears some stipulations, such
as the consequence of ecological and human interactions in influencing present
distribution patterns, the unclear role of persistence, natural selection and plasticity
and uncertainties of climate projections. Grim projections may probably be partly
overwritten by the mentioned stipulations and by careful and prudent human support.

1 CHANGES IN CLIMATE CONDITIONS WITH RESPECT TO
FOREST ECOLOGY

Adaptation strategy of forest trees is receiving growing attention in view of expected
climatic changes. Scarcity of reliable information on responses to macroclimatic
changes is a central problem and obstacle of planning for the future. Inorder to
formulate realistic predictions, both the nature of adaptation to past and current
climate, and the level of sensitivity to sudden environmental changes have to be
understood and properly interpreted. The distribution of European beech extends
across ecologically and climatically variable regions. Compared to other wide-spread
tree speciesof Europe, it is still the one which was left in a relatively natural condition
as — although in a distributional range reduced by man — it was seldom regenerated
artificially and its reproductive material was not subject to large-scale commercial
relocations such as oaks or Scots pine. Thus, present populations of European beech
are still close to a ,wild state”. Therefore beech is a well suited model species to study
adaptation strategy of long-living, deciduous climax species to climate and to changes
of climate. The species is considered climate-sensitive and vulnerable to changes.
Therefore its response to predicted large-scale changes of climate is a critical issue.

In this study an attempt is presented to trace, quantify and project the impacts of
macroclimaticchange onthe distributionand vitality of beech, withresultsinterpretable
for the practice, as such information is urgently needed to develop adaptation
strategies for both forestry and conservation. Investigations were concentrated to the
xeric limits in SE Europe. This region, where the retreat of the species is imminent,
has been largely neglected by European studies (Jump et al. 2009, Matyas et al. 2010).
We consider the detailed, practice-oriented investigation of climate impacts at the
xeric limits of primary importance because especially the low elevation occurrences
of beech in the region are uniquely vulnerable to climatic shifts (Matyas et al. 2010).
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1.1 The threat to xeric limits in SE Europe

Xeric (or rear, trailing) limits at the low latitude and low altitude end of distribution
ranges are determined by climatic aridity (Matyas et al. 2009). At the xeric limit
ecosystemsare dependenton avolatile minimum of rainfalland are therefore sensitive
to prolonged droughts. Even minor changes of temperature affect disproportionately
largertracts on plains as compared to mountainous regions. Presuming a spontaneous
migration speed for beech of approx. 20 km/century (Davis 1981, Matyas 2007) an
increaseof temperature of just 1°C would imply for beech a horizontal migration time
of 750 years to follow the change. This fact explains the much larger vulnerability of
low elevation occurrences in Southeast Europe.

According to calculations of the IPCC (Christensen et al. 2007), predicted temperature
changes of the critical summer climate at the end of the century are much milder in
North Europe between latitude 5o° and 70° N, as compared to South Europe between
50° and 30° N. Table 1 shows that changes are more extreme in summer than those
of annual averages. Drought projections for Southern Europe are also serious, while
none are predicted for North Europe.

Table 1. Predicted annual and summer climate changes for the period 2080-2099 vs.
the reference period of 1980-1999, according to the AiBscenario (data from the IPCC,
Christensen et al. 2007)

Change of
mean annual mean summer mean annual mean summer percentage of
temperature  temperature  precipitation  precipitation  dry summers

dT (°C) dT (°C) dP (%) dP (%) (%)
South Europe, 435 +4.1 12 -24 42
Mediterranean
North Europe +3.2 +2.7 +9 +2 0

The expected drought frequency was separately modelled by us for the Carpathian
Basin due to the importance of this climate factor (Galoset al. 2007). The results of
the projection, using the regional climate model REMO developed by the Max Planck
Institute for Meteorology (Hamburg) indicate a very similar outcome: in the second
half of the 21st century every second year could bring major summer drought events
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(Table 2). Projected summer precipitation change is of special significance at the
xeric limits which may affect profoundly the available climatic niche of dominant
forest species, such as beech. This justifies the separate treatment of the Southeast
European region.

Table 2. Frequency of recent and projected drought events for Hungary, according to
scenario A1B, calculated with MPI’'s REMO regional climate model. Reference period: 1961-
1990 (Galos et al. 2007)

Drought summers

Period number of years mean of precipitation mean of temperature
(out of 50 years) anomalies (%) anomalies (°C )
1951-2000 15 —28.0 +0.9
2001-2050 17 -19.8 +1.5
2051-2100 26 =37.6 +4.2

1.2 Climatic factors of the xeric distributional limits for beech in SE
Europe

The actual climatic envelope (niche) of beech has been repeatedly modelled (e.g.
Kélling 2007, Bolte et al. 2007, Kramer et al. 2010). However, the studies focus on
continental-scale effects of climate change, using low resolution climatic and
species distribution data. To identify the limiting macroclimatic factors at the xeric
distributional limits of beech forests a regional modelling analysis was carried out
in Hungary (Czucz et al. 2011). Out of the basic set of climatic variables late spring
(May) temperature (Tos) appeared as the most influential predictor. In addition,
annualprecipitation (Pa) also played a significant role in determining the presence of
beech near its xeric limit (Czicz et al. 2011).

The probability of presence of beech was modelled by the variables seasonal and
monthly temperature and precipitation means, interpolated for the grid cells.
In addition Ellenberg’s climate quotient (EQ, Ellenberg, 1988) was also applied,
defined as themean temperature of the warmest month (July, To7) divided by annual
precipitation (Pa):

EQ = 1000 (Ty7 / P,)
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Ellenberg’s climate quotientisasimple indexexpressing the joint effect of temperature
and precipitation, and it has been generally used to express humidity conditions in
Central Europe.

It is obvious that when modelling the probability of presence of beech, neither
temperature nor precipitation can be considered as a single factor. EQ index seems to
characterise the climate conditions for beech in the region reliably and will be used for
analysing responses to changing conditions in the followings.

2 GROWTH RESPONSE TO CHANGING CLIMATIC CONDITIONS

The growth response (or transfer) analysis of the SE European beech trials yielded the
following main conclusions (Matyas et al. 2010):

e a climate-dependent component of adaptive genetic response could be
identified

e across populations of different origin, i.e. adaptation to (and consequently,
selection effect of) macroclimate exists in beech in spite of counteracting
evolutionary and ecological effects;

* the change of climatic conditions toward warming and more arid conditions
lead to decreasing height growth and vitality, while vitality is not affected if
changes happen in the opposite direction.

3 RESPONSE TO WEATHER EXTREMES

Effects of climatic change are described as shifts of vegetation zones, realised through
“migration” of species. In case of forest trees, "migration” means loss of competitive
potential and subsequent decline of vitality followed by pestand disease attack.
However, the response of forests to drought — contrary to grass or crop vegetation —is
not immediate. Forest stands, even drought-sensitive beech, survive single extreme
summers and recover merely with yield loss. This is the result of deep rooting of trees,
utilizing deeper soil water resources. The situation is different if drought years happen
consecutively.
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In the literature “mortality syndrome” (Worrall et al. 2008) cases have mostly been
treated as isolated, transient problems related to extreme events, rather than as a
consequence of a long-term climate shift. This is because the gradual, relatively slow
change of climatic means does not express the current effect of extremes at the xeric
limits. Spontaneous climatic selection is driven by recurrent drought eventsand the
symptoms of change appear usually quite abruptly. Climatic means in models should be
regarded therefore rather as surrogates for extreme events. The long-term, gradual shift
of climatic factors has merely predisposingrole. Besides climate, the site conditions, age
andstructure of stand play also a predisposing role. Incitingfactors are mainly connected
to climaticanomalies especiallyat the xeric limits. Pests or diseases attacking populations
of weakenedvitality are then the direct or proximate causes of mortality.

3.1 Health and vitality loss due to climatic extremes: case study of
beech in SW Hungary

The gradually growing moisture deficit in Hungary has led to health problems in
Hungarian beech forests since the 1990s, first of all in the Southwest of the country
where climatic changes were the strongest, and where the stands are at low
elevation and close to the xeric limits. The weakened trees became more sensitive
to secondary pests and pathogens and showed symptoms of health deterioration
(early leafabscission, sparser crowns, etc.). The extent of climate damages of the
drought years 2000—-2004 has been investigated in two West Hungarian state forest
companies. In 460 damaged forest compartments (total area: 3900 ha) 87.7 thousand
cu.m. of damaged timber was harvested. The damaged stands were mostly above
60 years (T. Szép, unpubl. data). The area most damaged was the Zalaegerszeg
forest district (Zala county), where mass mortality was triggered in mature beech
stands after regeneration cuts, when the canopy closure was opened up. This led to
the outbreak of the otherwise harmless beech buprestid (Agrilus viridis). Damage
of Biscogniauxia nummulariadisease and of the beech bark beetle (Taphrorychus
bicolor) occurred together with the buprestid damage. As a consequence close to
70,000 cu.m. of sanitary felling had to be executed in 2005 in that forestry district
alone (Figure 1, Lakatos —Molnar 2009). The type of damage supports the observation
of forest protection experts that disturbance of the closed canopy increases the risk
of climate damage.
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Figure 1. Symptoms of beech decline in 2004 in Zala county, following the damage of
Taphrorychus bicolor on thetrunk (Molnar — Lakatos 2009)

3.2 Analysis of drought events

For the closer definition of extreme weather effects leading to the “mortality
syndrome” in beech, threatened stands have been selected in different parts of the
country. For the analysis on annual basis, EQ had to be modified to be suitable to
characterise individual years’ weather. Mean temperature of the 3 summer months
was used for the annual EQ index instead of just July’s, to avoid random effects
of individual months (in case of 30-year climate averages, this is not a problem).
Investigation of mortality frequency has shown that single drought events did not
threaten the stability of populations. The recurrent drought period lasting up to five
years in some areas, has however resulted in very serious mortality in the investigated
beech stands, in one case the population went extinct (Figure 2).

As an example, effects of consecutive drought events are shown for a South Hungarian
beech forest at the xeric limits of distribution. The stand has been selected at the
edge of the xeric limit which is indicated by the frequency of droughty years. Years
with EQ indices significantly above 30 have been considered as drought events. Mass
mortality started in 2003, in the fourth year of consecutive drought, after an extremely
dry summer. Observations at other locations have confirmed thatin case of beech,
recurrent drought events of 3 to 4 consecutive years (depending on severity) lead in
general to irreversible mass mortality and local extinction (Berki et al. 2009). It was
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also found that not only the number of consecutive years, but the severity of drought
period has an influence on the decline. Data of selected observation plots near the
xeric limit (Figure 3) confirm a direct, causal link between health and drought. Mean
summer drought severity above EQ value 40-42 seem to trigger a mass mortality
syndrome.

Figure 2. Shrinking of the climatic xeric limit ofbeech (EQ = 29) in Hungary between the
beginning of the 20th century (1900-1930, green) and for the period 1975-2004 (red).
(design: E. Rasztovits)

R?= 08561

] 1t n 0 40 50 &0 L a0 90 100

Figure 3. Average EQ value of the drought years 2000-2004 (vertical axis) and the health
condition of selected mature beech plots at the xeric limit, at the end of the period
(percentage of healthy individuals, horizontal axis) (unpublished data of Berki and Maricz)
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4 PROJECTIONS FOR THE FUTURE

How exactly xeric limits of beech will shift in the future is poorly explained by
currently available models. For predicting future distribution of beech on the basis of
bioclimatic models, climatic projections of the Intergovernmental Panel on Climate
Change (IPCC, Christensen et al. 2007) were applied (Table 3).

Table 3. Expected changes of climatic conditions by 2050 and estimated climatic space of
zonal beech (Abeech) forest stands in Hungary. Projected changes in summer half year
temperature (ATs °C) and precipitation (APs, percents) are shown for six [IPCC AR4
climatic scenarios (extracted from Czucz et al.2011)

HADCM3 A2 HADCM3 A1B HADCM3 Bl CNCM3 A2 CSMK3 A2 GFCM21 A2

ATs +2.9 +3.3 +2.6 +2.4 +1.8 +2.1
APs (%) —13.4 —10.9 -12.4 9.6 +04 —114
Abeech (%) 9799 94-99 9799 9799 56-96 9299

Table 3 reveals surprisingly high levels of range reduction, relatively independently
from applied scenario projections. The projected potential distributions indicate a
drastic reduction in macroclimatically suitable sites for beech, as 56-99% of present-
day zonal beech forests might be outside their optimal bioclimatic niche by 2050.
However, the projections of analysis only pertain to zonal beech forests in plachor
position and other uncertainties of the projections are also high (CzUcz et al. 2011).

Climatic changes will result in relatively homogeneous shifts in EQ values throughout
the SE European distributional range of beech. Using the projected statistics of IPCC
for Southern Europe (partly presented in Table 1), the climatic shift until 2080 was
calculated as +11 AEQ. This suggests that — using the distribution limit value of 29 EQ
— at locations with present EQ values below 29 — 11 =18~20 EQ, beech may survive,
even if under stress. The larger part of the distributional range, especially Atlantic NW
Europe as well as the higher elevation occurrences of the continental mountains (e.g.
the Carpathians or the Balkan Range), fall into this group.
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On the contrary, at the low-elevation xeric limits EQwould rise in 2080 from 29 to 40
EQ. Theoretically, part of these populations could survive as well, assuming that mass
mortality starts only if the difference from the originally adapted climate surpasses +13
AEQ as stated above — if no extreme events and subsequent pests, epidemics occur
in this time period. This assumption seems rather unrealistic. It has to be emphasized
that all modelled responses were measured within the present distribution range
of beech; there is no test site outside the xeric limits (which is a deplorable, but
understandable drawback of the provenance test series). It is therefore impossibleto
formulate a more realistic estimate based on transfer analysis for the locations close
to thelimits.

4.1 Responses validated by field observations

The future frequency of drought events has been analysed for the territory of Hungary.
The projected frequency of drought summers (precipitation decline exceeding 15% of
the seasonal mean) were calculated with MPI's REMO regional climate model (Figure
9). It is highly remarkable that from 2050 onward, the model projects at least one
occasion per decade when 3 or more consecutive years with drought summers will
happen, while only three such periods are projected for the first half of the century.
Although droughts hit usually regionally, the predicted drought frequency may have
an impact on the most part of the investigated beech area at least once during the
century. The close link between extreme events and pest outbreaks exacerbate
the expected damages. Drought will have its effect also on natural regeneration of
stands as well (Czajkowski et al. 2005). These results support the grim outcome of the
bioclimatic forecast for the second half of the century.
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Figure 4. Frequency of consecutive drought events for Hungary, according to scenario A1B,
based on results of the REMO model. Symbols depict years of droughty summers (Galos et
al. 2007)
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Concluding, the outcome of the projections indicates a high level of uncertainty
regarding the future of beech in Southeast Europe. According to the bioclimate
approach 56-99% of present-day zonal beech forests might be outside their
optimal climatic niche by 2050 (figure 5). The extrapolations of field observations
on “drought plots” at the xeric limit also point toward a nearly complete loss of all
beech stands in course of the century.

summer mean temperature (C)

140
2500 3000 3500 4000 4500 5000 5500

mean precipitation of the growing season [mm]

Figure 5. Climate parameters (mean precipitation of the growing season vs. mean summer
temperature) of actual beech occurrences in Hungary (black) and parameters calculated for
the climate conditions in 2050 (grey) (data by E. Rasztovits)

5 FINAL CONCLUSIONS

Summing it up, projections into the far future may be biased by a number of
uncertainties. Taking the ensemble of deductions of current, fairly deviating
projections for granted, the comparison of very different approaches confirm the
probability of serious climate impacts on distribution, health and productivity
of beech. These effects will appear nonetheless differentiated, according to
theecological and genetic status of local beech occurrences. It is also important to
note that contrary to mortality events and health decline along the xeric limits of the
species, “compensatory” colonisation at the thermic (or front) limits, as projected by
ecological models, will not happen spontaneously because of human obstacles to
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colonisation and due to the fairly lowmigration speed of beech compared to other
deciduous species (Davis 1981, Matyas 2009, Jump et al. 2009).

Observations of mortality events close to the lower (xeric) limit of the species indicate
that stability and vitality of populations depend not only on shifts in climatic
means. Extreme weather events (droughts) may weaken physiological condition
of populations relatively fast and may lead to insect and disease outbreaks also
in regions generally suitable for the species. The shrinking of future distribution
of beech as suggested by various bioclimatic models (e.g. Thuiller et al. 2005, Czicz
et al. 2011) represent probably pessimistic scenarios which may be alleviated not
only by the mentioned features but also by prudent human support (e.g. artificial
regeneration and other silvicultural measures, see Matyas 2010). In the major part of
the range the predicted changes will not trigger any decline due to the plasticity of
the species: the predicted “decoupling” isimprobable (Jump, Penuelas 2005). It would
be however misleading to expect the same level of persistence and plasticity at the
threatened xeric limits as across the rest of the range.

Therefore the forecasts have to be taken serious close to the xeric limits, and
especially at low elevations. Field observations near the retracting distributional
limits confirm that the decline process is ongoing in many locations (Penuelas et al.
2007, Berki et al. 2009). Considering the rapid shrinking of suitable bioclimatic space
and the increasing selection pressure of abiotic and biotic stressors at the xeric limits,
the results underline the importance of adaptive strategies both for management
and conservation of forest resources. This calls also for relevant, well designed field
studies and further development of prediction methods and modelling (Matyas 2010).

Theresults of this study may contribute tothe adjustment of adaptation and mitigation
policy in forestry and nature conservation, to the revision of rules for deployment of
reproductive material and also to validating evolutionary and ecological hypotheses
related to climate change effects.

5.1 Related websites, projects and videos
Forest cover maps, forest type maps for Europe:
http://forest.jrc.ec.europa.eu/activities/forest-mapping/

http://forest.jrc.ec.europa.eu/efdac/applications/viewer/
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http://www.euforgen.org/distribution_maps.html

forests and climate change (on maps): http://forest.jrc.ec.europa.eu/activities/
climate-change/

climate change impacts on forestry: http://www.forestry.gov.uk/fr/INFD-5Y2HR7

IPCC ARg4: Forestry: http://www.ipcc.ch/publications_and_data/ar4/wg3s/en/chg.html
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ecosystems
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1 FOREST MICROCLIMATE AND MICROCLIMATE MEASURING TECHNIQUES

1.1 Introduction

Microclimatology is the study of climate on a small scale, as of a city, a valley, but
even a hole in the tree trunk has its own microclimate. The microclimate of the forest
is one of the most complicated amongst other land cover forms. The reasons for
complexity are the levelled structure, the annual variability and the fact that not only
the climate influences the forest, but the forest also affects its own microclimate. This
dynamic feedback makes the description and modelling of the forest microclimate
more difficult. Proper understanding of the main micrometeorological processes is
vital for effective forest planning and management. Thus firstly we will cover the
basics of micrometeorology, the structure of the boundary layer and the exchange
of energy and water. Typical microclimatological situations such as land-sea and
mountain-valley circulations and local cold airflows are analysed. Forests have
a certain vertical structure, which further complicates the processes. During the
vegetation period the canopy is the active surface for the energy transformation,
and the trunk space may have highly different microclimate depending on the
horizontal structure. By changing the density and distribution of the canopy, forest
managers have a flexible tool for helping regeneration and the growth of seedlings.
Lastly basic microclimatological measurement techniques are discussed.
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1.2 Syllabus

1.2.1 Micrometeorology

Chapter 1.1 (pp. 1-4) in Foken (2008): Micrometeorology

a)

b)

)

d)

Atmospheric scales

Chapter 1.2 (pp. 4-5) in Foken (2008): Micrometeorology
Atmospheric boundary layer

Chapter 1.3 (pp. 6-8) in Foken (2008): Micrometeorology
Energy balance

Chapter 1.4 (pp. 8-23) in Foken (2008): Micrometeorology

Water balance

Chapter 1.5 (pp. 23-24) in Foken (2008): Micrometeorology

1.2.2 Basics of microclimatology

a)

b)

)

Climatological scales

Chapter 7.1 (pp. 223-224) in Thomas Foken (2008): Micrometeorology

Small scale changes of climate elements

Chapter 7.2 (pp. 224-225) in Foken (2008): Micrometeorology

Typical microclimatic circulations

Chapter 7.3 & 7.4 (pp. 226-230) in Foken (2008): Micrometeorology

1.2.3 Forest Microclimate

a)

Vertical structure of the forest

Parker (1995): Structure and microclimate of forest canopies
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b) Horizontal microclimate gradients

Davies-Colley et al. (2000): Microclimate gradients across a forest edge

c) Effects of different management regimes

Chen et al. (1999): Microclimate in Forest Ecosystem and Landscape Ecology

Zheng et al. (2000): Effects of silvicultural treatments on summer forest mi-
croclimate in southeastern Missouri Ozarks

1.2.4 Microclimate measuring techniques
Chapter 7.5 (p. 231) in Foken (2008): Micrometeorology

a) Radiation

Chapter 6.2.1 (pp. 189-193) in Foken (2008): Micrometeorology

b) Wind
Chapter 6.2.2 (pp. 193-200) in Foken (2008): Micrometeorology

c¢) Temperature and humidity

Chapter 6.2.3 (pp. 200-208) in Foken (2008): Micrometeorology
d) Precipitation
Chapter 6.2.4 (pp. 208-209) in Foken (2008): Micrometeorology

1.2.5 Istruments, equipments

(sources of fictures: www.fernbank.edu, http://www.eol.ucar.edu/projects/ceop/dm/insitu/sites/
baltex/lindenberg/forest/)
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Figure 1 and 2: Forest tower

Figure 3. Anemometer and Wind Vane at Figure 4. Temperature & Relative Humidity (left),
42 meters rain (center) Solar Radiation (right) at 42 meters
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Figure 5. Anemometer and Wind Vane at Figure 6. Anemometer and Wind Vane at
21 meters 10 meters

Figure 7. Under the CanopyTipping Bucket Figure 8. Temperature & Rel Humidity
Rain Guage Cover (center) Solar Radiation (left) at 21
meters

Figure g9-10.Throughfall and stemflow measurements
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RELATED WEBSITES, PROJECTS AND VIDEOS

forest ecosystem services:
http://forest.jrc.ec.europa.eu/activities/forest-ecosystem-services/
http://www.youtube.com/watch?v=-FVIvWjJeTQ

International Network Measuring Terrestrial Carbon, Water and Energy Fluxes
(FLUXNET):

http://[www.ileaps.org/?q=node/66
forest microclimate research:

http://www.safeproject.net/projects/earth-atmosphere-linkages/microclimate/
microclimate-stratification-in-modified-forests/

http://www.serc.si.edu/labs/forest_ecology/microclimate.aspx
http://www.wsl.ch/fe/walddynamik/projekte/BelCanClim/index_EN
http://www.youtube.com/watch?v=hqVigoBsUOg
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Parker, G. G. (1995): Structure and microclimate of forest canopies. Chapter 4 in
Lowman, M.D. and Nadkarni, N.M. (eds.) 1995. Forest Canopies. Academic Press 624

pp-

Zheng, D.,Chen, J., Song, B., Xu, M., Sneed, P., Jensen, R. (2000): Effects of silvicultural
treatments on summer forest microclimate in southeastern Missouri Ozarks. Climate
Research Vol. 15: 45-59.

The resources in digital format:

Chen_(1999)_Microclimate_in_forest_ecosystem.pdf
Davies-Colley_(2000)_Microclimate_gradients_across_a_forest_edge.pdf
Foken_(2008)_Micrometeorology_Chapter_1.1-1.5.pdf
Foken_(2008)_Micrometeorology_Chapter_6.2.1-6.2.4.pdf
Foken_(2008)_Micrometeorology_Chapter_7.1-7.5.pdf
Parker_(1995)_Structure_and_microclimate_of_forest_canopies.pdf

Zheng_(2000)_Effects_of_sylvicultural_treatments.pdf

2 ROLE OF FOREST COVER IN THE HYDROLOGICAL CYCLE -
CASE STUDY OF MEASUREMENTS AND MODELLING

2.1 Introduction

Land-atmosphere interactions related to the energy and water cycle are linked by
the processes of evapotranspiration. Evapotranspiration is a collective term for
all the processes, by which water in the liquid or solid phase at or near the earth’s
land surfaces becomes atmospheric water vapour (Dingman 2002). It is the sum of
transpiration, interception, bare soil evaporation and evaporation from open water
and snow.

Transpiration is the vaporization of water from the saturated interior surfaces of
leaves to the surrounding air via microscopic pores called stomata (Hungate and Koch
2003). Stomata open and close in response to environmental factors such as light,
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temperature, CO2 concentration and soil water. Interception is the part of the rainfall,
which evaporates from the vegetation during and after the precipitation event. Bare
soil evaporation is the vaporization of water directly from the mineral soil surface. It is
only a small amount under forests because of the litter on the ground (Hewlett 1982).

Vegetation is basically influencing the water budget through interception and
transpiration, which are affected by the leaf area and the rooting depth of the plants.

Leaf area index (LAI) is defined as a one sided green leaf area per unit ground
area (Bonan 2008). It affects the radiative transfer process within the canopy and
evapotranspiration from the plant surface. LAI varies temporally with age and
phenology. Its value differs strongly among plant communities. Measurements by
Jard (1959) showed the large variability of LAl (from 2.5 to 8.4) in different Hungarian
forest types depending on age and site conditions.

Forests have larger leaf area compared to other vegetated surfaces. Larger LAl warms
the surface due to lower albedo. But larger LAl also results in larger roughness length
thus higher evapotranspiration rate in forests (Betts et al. 1997), which influences
the exchange of both latent and sensible heat fluxes. The increase of the latent heat
flux through transpiration is the major contributor to the cooling of the surface. The
process is called evaporative cooling effect, which is the other basic biogeophysical
feedback of forests on climate. It dominates primarily on the tropical regions leading
to cooler and moister atmospheric boundary layer that may feed back to increased
precipitation by affecting the larger-scale circulation (Brovkin 2002, Kleidon et al.
2007).

Vertical profile of leaf area in the forest canopy affects the distribution of radiation
in the canopy. Larger leaf area increase the canopy shading, which leads to cooler air
temperatures in the stem area, decrease of net radiation at the soil surface, therefore
less bare soil evaporation in summer (Pitman 2003, Chang 2006).

Due to the higher evaporation rate, forests may increase the amount of precipitation.
Chang (2006) summarizes the arguments and counterarguments to the possible
precipitation-increasing role of forests. It is often assumed that forests enhance the
precipitation formation increasing the effective height of mountains, which leads to
an increase of the orographic precipitation. The higher transpiration rate of forests
can lead to the increased vapour content of the air, which promotes the condensation
and precipitation formation in the forested area. The basic counterargument is that
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the horizontal distribution of precipitation is mainly affected by the general circulation
and topographic characteristics rather than by forests. For the precipitation formation
water vapour content is not enough (Chang 2006).

The amount of precipitation, which reaches the ground surface infiltrates into the soil.
Rooting depth and the soil texture determine the amount of water that can be stored
in the soil, which is potentially available to the vegetation for transpiration (Kleidon
and Heimann 1998). Available water holding capacity can be defined as the difference
between field capacity (the amount of water after gravitational drainage) and wilting
point (the amount of water in the soil when evapotranspiration ceases; Bonan 2004).
Rooting depths have a large variability depending on plant species soil texture and
soil water conditions.

Deeprootsincrease the wateruptakeandtheamountoftranspiration. ltisanimportant
characteristic in dry spells when moisture of advective origin diminishes. If there is
enough moisture in the soil to continue evapotranspiration, local evapotranspiration
can be an important contributor to precipitation.

2.2 Case study: Comparative Water Balance Study of Forest and
Fallow Plots

2.2.1 Background

The relationship of vegetation cover and groundwater resources has drawn
considerable scientific attention over the last decades. Many studies have shown that
deforestation by logging or of natural origin (forest fire, wind damage) increased the
average runoff from the affected area (e.g. Bosch & Hewlett 1982) and afforestation
decreased runoff. Similar results were detected in recharge rates and groundwater
depth, predominantly in dry regions. In Australia changes of vegetation from
woodland to grassland or crops resulted in increases in recharge rates of one to two
orders of magnitude (Maitre et al. 1999). The changes were largely due to the altered
interception loss and the increased water extraction from the root zone. However,
results of paired watershed research agreed only on the direction of the changes, not
on their magnitude (Andressian 2004,).
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Comparative water balance studies of forest and low vegetation covers have
generally shown higher water use of forest cover (Nachabe et al. 2005, Schilling 2007).
Nachabe et al. (2005) analysed the groundwater consumption in a shallow water table
environment and estimated the annual ET for a forested area (1320 mm) and for a
pasture (700 mm) using detailed soil moisture and water table monitoring. At the
same time, a few studies have found negligible differences in evapotranspiration of
different vegetation covers (e.g. Roberts & Rosier 2005). The latter study found that,
although there were seasonal differences, on an annual basis, the drainage below
broadleaved woodland did not significantly differ from that below a pasture.

Due to climate change, air temperature is expected to rise significantly during this
century (IPCC 2007). As a direct consequence of warmer temperatures, the hydrologic
cycle will undergo changes with accompanying alteration in the rates of precipitation
and evaporation. In Hungary, summer temperatures may increase by up to four
degrees by the end of this century, while precipitation is likely to increase in winter
and decrease in summer (Galos et al. 2007).

Theimpactofclimate change ongroundwaterresources wasreviewed lately by Greenet
al. (2011). Although the uncertainty of predictions for change in groundwater recharge
rates and discharge is large (e.g. future climate scenarios and groundwater extraction),
numerous studies found that groundwater resources appear to be threatened by future
climate change due to increased natural and human water demand.

Inlight of the water balance uncertainties and the increasing pressures on groundwater
resources due to future climate change, a comparative water balance study of an oak
forest and fallow vegetation plots was initiated in a drought-threatened lowland
environment in Northeastern Hungary. Water balance components were estimated
by the Hydrus 1-D numerical model (Simunek et al. 2005), calibrated on measured soil
moisture and groundwater levels.

2.2.2 Materials and methods
Study area
The study plots are situated in the Northeast part of Hungary at latitude 47° 58’ N and

longitude 21° 42" E (Fig. 11), built up from sandy river deposits of the early Pleistocene
(Borsy et al. 1981). The climte is continental; the mean annual precipitation (1951-
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2000) is approximately 520 mm and mean monthly temperature (1951-2000) ranges
between -2.4°Cin January and 20.5°C in July.

-
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Figure 11. Location of the study area

The plots were located on the discharge area of the local phreatic groundwater flow
system with shallow groundwater levels and groundwater supplies from the adjacent
areas. Both study plots were selected so that the elevation of the plots above the
nearby ditch was almost the same. The generally similar site conditions of the field
plots made it possible to compare water balance components and groundwater
consumption. The approximately 300 m distance from the nearby ditch minimized
any effect that floods had on water table levels. Surface runoff was not observed since
the slope of the plots was less than 2%.o.

The naturally regenerated oak forest had 60% pedunculate oak (Quercus robur) which
are 20-25 m high and the density is 270 trees ha*The fallow plot, situated about
3 km from the oak plot, is part of an agricultural field that had been plowed in the
past, but it has not been seeded and cultivated now for several years and is under
natural succession. The vegetation consists of furrow-weed with species like Solidago
gigantea, Artemisia vulgaris, Amaranthus retroflexus and Ambrosia artemisiifolia.

The vertical distribution of the root system was surveyed in situ by taking three
replicate volumetric soil core samples at six depths (0-0.2 m, 0.2-0.4 m, 0.4-0.6 m,
0.6-0.8 m, 0.8-1.0 m and 1.0-1.2 m) for both study plots. After separating the fine
roots (diameter < 2 mm) by sieving the soil samples, they were scanned and the total
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root extent of each sample was determined by grid-counting. Finally, the fine root
fraction of each layer was related to the total root extent of the profile. Fine roots
reduced approximately linearly with depth at the oak plot (estimated root depth: 1.5
m) and logarithmically at the fallow plot (estimated root depth: 0.8 m).

The soil analyses included the sieving and hydrometer analyses of particle size
distribution of the soil samples, taken at 0.2 m intervals down to a depth of three
meters. At both plots the soil texture was compacted fine stand (0.02—0.2 mm) close
to the surface varying between 80-99%. The clay and silt fractions were high below
one meter depth at both plots and reach 30-35% and 20-25%, respectively. Three
repetition of undisturbed soil samples for water retention were analysed at depths of
0.1, 0.3, 0.5, 0.7, 0.9 and 1.2 m by cylinders of 100 cm3.

The maximum of the Leaf Area Index LAl (m* m™) was estimated by collecting leaf
litter on the ground. At the oak plot, newly defoliated leaves were collected carefully
from five locations (2 mE1 m) during late autumn of 2007 and dried in an oven (105°C
for 24 hours). Determination of LAl included the calculation of the ratio of weight
to leaf area for a subset of leaves and then for the whole sample. The average LAl
of the samples was 3.9 m* m=. The 16-day Enhanced Vegetation Index (EVI) product
of MODIS (Moderate Resolution Imaging Spectroradiometer) was used to describe
the seasonal change of LAI. The 250 m resolution EVI was converted to LAl using the
relationship, proposed by Wang et al. (2005).

At the fallow plot, the maximum leaf area index was estimated by leaf collection from
three locations (0.5 mEo.5 m). All the collected leaves were scanned and the leaf area
was determined by grid counting. The mean LAl of the three samples was 1.2 m* m™.
The same leaf area index was used throughout the vegetation period. During the
dormant season, we assumed the LAl 0.5 m*> m, based on the biophysical parameter
table of Steyaert & Knox (2008) (Fig. 12).

The albedo was derived from the 16-day estimates of the MODIS images. The missing
values of albedo in winter were assumed as snow cover and were replaced by an
albedo of 45% at the oak and 75% at the fallow plot (Kondratiev 1969).
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Figure 12. Seasonal change of LAl (Oak plot: dashed line - MODIS data, solid line - applied
in the model, Fallow plot: solid line - applied in the model).

Monitoring at the plots

Meteorological variables, soil water content and groundwater level were monitored
by automatic equipment.

A weather station (iIMETOS, Pessl Instruments, Austria) at the fallow plot and an
automatic rain-gauge (Rainlog Data Logger, Rainwise, USA) soom from the oak
plot was employed to monitor weather conditions. The volumetric water content
was monitored with FDR (Frequency Domain Reflectometers) using Decagon EC-5
probes (Decagon Devices, Pullman, USA) with a time interval of 15 min. The probes
were installed at depths of 0.1, 0.3, 0.5 and 0.7 m.Groundwater level was measured
by a Dataqua DA-S-LRB 118 vented pressure transducer (Dataqua Elektronikai Kft.,
Balatonalmadi, Hungary) with time interval of 15 min. Manual groundwater level
measurements were used to verify the reliability of the monitoring.
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Water balance modelling with Hydrus 1-D

Modelstructure. The Hydrus 1-D (Simunek et al. 2005) model was applied for estimation
of soil water content changes, actual transpiration and soil surface evaporation at
both plots. Hydrus 1-D is a modelling software for analyses of water flow and solute
transport in variably saturated porous media. The base of the model is the variable
saturated vertical flow domain, where water flow is simulated (Fig. 13).

Upper boundary condition — daily time step

Potential Effective precipitation | Potential soil surface | |
! | transpiration Pere evaporation !
T, E
l HYDRUS 1-D

! | Actual transpiration Actual soil surface
i MTow+ T2 evaporation
! E
Fixed properties : \ [
Soil profil discretization !

Soil material distribution . i
Water retention parameters — Nume:::ﬂll::'n'l'rw ons
y : (Richards equation)

Root densit;
Initial water content of the profile H l

Soil water storage
s

Figure 13. Structure of the model (P,: effective precipitation, T,: potential transpiration,
T: actual transpiration, T ,: groundwater consumption, T, : transpiration from the
unsaturated zone, E,: potential soil surface evaporation, E: actual soil surface evaporation,

Q, .- net groundwater supply, S: soil water storage). All components are in mm day™.

The calculation of effective precipitation, canopy and litter interception loss, potential
transpiration and soil surface evaporation, net groundwater supply, actual transpiration
and soil surface evaporation is introduced by Méricz (2010) more in detail.

Model calibration. The observed soil water content and groundwater level data were
employed to calibrate the Hydrus model at both plots. The model was calibrated
specifically for this two year period and not used for future simulation (Méricz 2010).
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2.2.3 Results

Comparison of observed and modelled results
The calibrated soil water contents compared well with observations at both plots (Fig. 14).

The discrepancies at the beginning of the growing season of 2007 in measured versus
modelled soil water content may be attributed to the disturbance of the soil profile
and vegetation at both plots during installation of the monitoring equipment. There
were deviations at the fallow plot at a depth of 10 cm in December, 2008 and January,
2009 due to strong soil water freezing.

The calibrated groundwater levels compared quite well with measurements at both
plots. Due to a malfunction of the pressure transducer, the continuous measurement
failed at the fallow plot between November, 2007 and June, 2008. During this
period regular manual groundwater depth measurements were employed to follow
groundwater levels at the fallow plot.
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Fig. 14 - Comparison of measured and calibrated soil water contents at the oak (A) and
fallow (B) plots
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Water balance results

Total rainfall interception was twice as much in the forest than at the fallow plot
considering the whole study period. In the 2007growing season, 38% of the rainfall
was intercepted at the oak plot, while at the fallow plot it was only 15% of the gross
rainfall. As a consequence of more rainfall in 2008, the ratio of interception loss to
precipitation decreased slightly at both plots.

According to the Hydrus model, the oak forest transpired approximately 33% more
than the fallow vegetation while groundwater consumption was three times higher
during the study period.

Actual soil surface evaporation was only 4% of the total evapotranspiration at the oak
plot and 26% at the fallow plot during the whole study period. The low evaporation
amount of the oak plot was the consequence of the high surface resistance due to
the litter layer and the shading effect of the canopy. Available net radiation at the soil
surface, and soil surface evaporation rates were higher at the fallow plot; thus the soil
surface dried out more rapidly than at the oak plot.

Since weather conditions were quite contrasting during the growing seasons of 2007
and 2008 we decided to compare the water balances for both plots from 1 of April
until 30t" of September.

Groundwater consumption T, was computed using the temporal changes of the capillary
fringe in the Hydrus model results, which was 66% of the total transpiration at the oak plot
while at the fallow plot it was only 38% in the growing season of 2007 (Fig. 15).
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Figure 15. Proportion of the water uptake from the unsaturated and saturated zone and
precipitation at the oak (A) and at the fallow (B) plots during the growing season of 2007
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In this growing season, the water uptake showed the effect of drought in summer.
Until the start of the summer, the transpiration from the unsaturated zone T , was
considerable from the total transpiration. The fraction of groundwater consumption
increased to 60% at the fallow and to go% at the oak plot in summer.

In the growing season of 2008, rainy weather provided a considerable amount of
moisture for the unsaturated zone; thus the groundwater consumption was reduced
from the preceding year. Groundwater consumption at the oak plot was 50% of the
total transpiration while at the fallow plot it was 25% in the growing season of 2008
(Fig. 16).
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Figure 16. Proportion of the water uptake from the unsaturated and saturated zones and
precipitation at the oak (A) and at the fallow (B) plots during the growing season of 2008

While in the growing season of 2007, both vegetation covers relied significantly on
groundwater resources, in 2008 the evapotranspiration loss of groundwater was
reduced considerably due to the rainy weather at both plots.

The water balance components of the growing seasons of 2007 and 2008 are shown inTab. 1.

Table 1. Water balance components (mm) of the growing seasons of 2007 and 2008 at the
oak and fallow plots

Growing season - 2007 | Growing season - 2008

Water balance components
Oak plot | Fallow plot | Oak plot | Fallow plot

Precipitation (P) 261 261 383 401

Interception loss (/) 95 39 129 50
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Soil surface evaporation (E) 22 139 41 154

Transpiration from unsaturated 208 235 255 260
zone (T,
Groundwater consumption 405 144 255 87
(Tew)

Net groundwater supply (Q,,) 289 125 184 55

Change of soil water storage -180 -171 -112 -95

(S)

A meteorological tower was not set up at the oak plot, which contributed to the
deviations of modelling results from the measurements. Air temperature and relative
humidity at the fallow plot were applied above the canopy of the oak forest, which
had an influence on the computation of potential transpiration and evaporation.

The empirical approach for computing Q, ., is further source of uncertainty since it
is sensitive to the quality, the time-step of the record of groundwater levels and the
readily available specific yield. The groundwater level data was carefully examined
and suspicious measurements were not considered for further computation. The
time-step for calculation of Q, ., was half an hour, considering the 15 min frequency of
groundwater level readings, suggested by Gribovszki et al. (2008). The final value of
the readily available specific yield was set to constant despite of its inherent variable
nature in space and time.

2.3 Conclusions

Water balance components of an oak and fallow plot were estimated from 1 April,
2007 to 1 April, 2009 by calibrating the Hydrus 1-D model using soil moisture and
groundwater level measurements. The study period included a dry (2007) and a wet
growing season (2008).

For the entire study period, the Hydrus 1-D model results have shown that the total
transpiration of the fallow plot was only two thirds that of the oak plot, while the soil
surface evaporation in the oak plot was approximately one fifth of that in the fallow
plot. The separation of transpiration into unsaturated transpiration and groundwater
consumption has revealed that the groundwater consumption at the oak plot was
almost three times higher than at the fallow plot. The groundwater consumption was
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close to 60% of the total transpiration at the oak forest and approximately 30% at the
fallow plot.

By comparing the dry (2007) and wet (2008) growing seasons, we found that
groundwater consumption was approximately 40% less in the wet than in the drier
growing season, despite the fact that the groundwater level was deeper during the
dry period. Thus, during the dry season both vegetation covers relied considerably on
the available groundwater resources.

The results of the study have reinforced those previous studies that reported
higher groundwater consumption of forests compared to other vegetation covers.
Therefore, future afforestation in arid regions with shallow groundwater levels should
pay attention to the large groundwater depleting effect of forest, especially in light of
future climate change and human water extraction.

RELATED WEBSITES, PROJECTS AND VIDEOS

Forests and water (FAO): http://www.fao.org/docrep/o10/a1598e/a1598e02.htm

Books: http://www.nap.edu/catalog.php?record_id=12223

http://www.springer.com/earth+sciences+and+geography/earth+system+sciences/book/978-
94-007-1362-8

Forest hydrology research: http://www.forestry.gov.uk/fr/HCOU-4U4JAM

water cycle animation: http://www.youtube.com/watch?v=0_coZzZfC8¢c

land cover and hydrology of watersheds: http://www.youtube.com/watch?v=t632Bz8AQoU

http://www.youtube.com/watch?v=t632Bz8 AQoU

http://www.youtube.com/watch?v=1Nr31_gjJYo&list=PL1JyimMkAKOibeSAzsLZVs560jFUsp
vi7

http://www.youtube.com/watch?v=2cFOYvtJejw&list=PLp5bLxICz17xssk-ftKyQ7zI62MoExIOf

http://www.youtube.com/watch?v=DouAlOT66Wo&list=PLp5bLxICz17xssk-ftKyQ7zl62MoExIOf

http://www.youtube.com/watch?v=hUo6Vir2lpc

http://www.youtube.com/watch?v=4yT3nJiJ8Gc&list=PLC30C7F922760EE2F
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3 CARBON CYCLE: THE ROLE OF FOREST VEGETATION

3.1 Introduction

Climate regulation through carbon sequestration is one of the ecosystem services
of forests. They are the largest terrestrial C pool thus can have an important role in
climate change mitigation. Exchanges of carbon between forests and the atmosphere
are being influenced by human-caused and natural disturbances. In this way, land use
changes - especially afforestation and deforestation - can have major impacts on
carbon storage. Forest soils are also an important pool of carbon. They too are a vital

msSrecland [105



Chapter 3

part of the carbon cycle and can act as both sources and sinks. Forest ecosystems-
climate feedbacks under future climate conditions are still large unknowns.

Organic matter production of forests strongly depends on soil, hydrological, and
climatic circumstances, at the xeric forest limit primarily on the recurrent summer
droughts. In the comparison of climate zones, the strong correlation between organic
matter production and climate is obvious. The above-ground dendromass responds
strongly to the worsening of climate, irrespective of tree species, while the below-
ground parts remain unchanged. The carbon content of humus and soil increases
toward drier climate.

3.2 Ecosystem services of forests

There are a number of components to the broad range of ecological services that
forests provide. These include (Sousson et al.,1995):

* theregulation of water regimes by intercepting rainfall and regulating its flow
through the hydrological system;
e pollution control;

e the maintenance of soil quality and the provision of organic materials through
leaf and branch fall;

* the limiting of erosion and protection of soil from the direct impact of rainfall;
e regulating climate (e.g. C-sequestration); and

* being key components of biodiversity both in themselves and as a habitat for
other species.

This chapter will focus on the carbon cycle and sequestration of the forest ecosystems.

3.3 Carbon cycle of forests

Forests play a key role inthe carbon cycle. Through the process of photosynthesis they
are able to absorb carbon dioxide from the atmosphere (figure 16). Trees partition
the carbon that they capture into different products such as leaf, root, seed, wood
and branch, these different fractions are referred to as biomass. Much of the carbon
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that is initially captured is emitted back into the atmosphere during respiration and
decomposition. Only the carbon that is stored in woody biomass such as roots, stems
and branch material is locked away for the longer term.

Exchanges of carbon between forests and the atmosphere are being influenced by human-
caused and natural disturbances (e.g. forest fire, forest cutting). In case of deforestation,
the stored carbon will be released to the atmosphere quickly or to the soil where it
decomposes slowly and increases soil carbon content. In this way, land use changes -
especially afforestation and deforestation - can have major impacts on carbon storage.

Forest soils are also an important pool of carbon. They too are a vital part of the
carbon cycle and can act as both sources and sinks. At global scale the carbon that
is contained in the worlds forests, if released would be enough to raise the carbon
dioxide concentration in the atmosphere to over 1000 ppm and with it would follow
a potentially catastrophic rise in temperature of 5-8°C. At a global scale maintaining
the world’s woodlands and forests is therefore an essential element of any measure
to mitigate climate change.
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Figure 16. Carbon cycle of trees
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Table 2 shows that average carbon levels sequestered in vegetation and soils differs
among the major biomes. and among regions (figure 17).

Table 2. Average Carbon Stocks for Various Biomes (in tons per acre)

Biome Plants Sail T otal
Tropical forests 4 35 e
Temperate forests 25 43 6
Boreal forests 29 153 a2
Tundra 3 57 A0
Croplands | 36 i
Tropical s avannas I3 52 65
Termnp. graslands 3 103 |03
Desertfsernidesert I |9 20
Wetlands 2 287 306
Weighted Average 14 59 I3

Source: Adapted from Intergovernmental Panel on Climate Change, "Table 1: Global
carbon stocks in vegetation and carbon pools down to a depth of 1 m [meter],” Summary
for Policymakers: Land Use, Land-Use Change, and Forestry. A Special Report of the
Intergovernmental Panel on Climate Change, at http://www.ipcc.ch/pub/srlulucf-e.pdf, p. 4.
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Figure 17. Total Carbon Stock (C) in forests by region 2005. Source: FAO: Global Forest
Resources Assessment 2005, Progress towards sustainable forest management, Chapter 2:
Extent of forest resources, p.35
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The natural carbon sinks that can absorb and store carbon are ocean, forests, soil,
peat and wetlands. In this way they can have an important role in climate change
mitigation. Forest ecosystems are the largest terrestrial C pool of them. They store
more than 8o % of all terrestrial aboveground C and more than 70 % of all soil organic
C. Bonan et al. (2008) and Jackson et al. (2008) point out the differences of carbon
sequestration between boreal, tropical and temperate forests that should be analyzed
together with their biogeophysical feedbacks on the climate to assess the possible
climatic benefits of these ecosystems.

Net-growing forests cause sequestration of C. After harvesting the life-cycle of the
wood products is decisive. Therefore forest management and societal decisions
both have significant influence on the carbon balance (Jandl et al. 2006). The first
and most significant option to enhance C sequestration potential of forests lies in
the establishment of new forests (through afforestation or reforestation). A second
option is to foster the slow formation of a stabilized soil C pool. The C sequestration
potential in forest soils is large, although smaller than that of agricultural soils (Jandl
et al. 2006).

Forest carbon stocks could be potentially conserved and enhanced through a wide
range of activities such as:

* Planting and/or regenerating trees on barren or non-forested land, in degraded
forests, and in agricultural and urban landscapes. This includes concepts
such as afforestation, reforestation, forestation, forest rehabilitation, forest
restoration, agroforestry, urban forestry and enrichment planting.

* Conserving existing forests and avoiding their degradation or conversion to
alternative land use. This includes concepts such as avoided deforestation,
Reducing Emissions from Deforestation and Forest Degradation (REDD), and
conservation of forest carbon stocks.

e Improved or sustainable forest management using options such as reduced
impact logging (RIL), longer rotations, mixed ages and species.

* Managing harvested wood products.
* Soil (including peatland) conservation and rehabilitation.

e Use of forestry products for bioenergy to replace fossil fuel use.
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* Tree species improvement to increase biomass productivity and carbon
sequestration.

Through the introduced carbon related processes, ecosystems alter the
biogeochemical cycles, thereby change the chemical composition of the atmosphere
(Pitman, 2003), thus can lead to the increase or to the reduction of the projected
climate change signal. Increasing atmospheric CO, content can lead to reduced
terrestrial carbon uptake and greather accumulation of carbon in the atmosphere
(Bonan 2008), which is a positive feedback that in turn can result in further global
warming. However, the carbon — climate feedbacks under future climate conditions
are large unknowns. Global warming will mobilize a certain, still unknown, quantity of
soil C due to stimulation of he mineralization rate (Jandl et al. 2006, Booth et al. 2012).
Higher CO, concentrations can also lead to the increase of the stomatal resistance
thereby to the inhibition of the transpiration, which can amplify the global warming
(Cao et al. 2010, Gopalakrishnan et al. 2011). Therefore for the quantification of the
net climatic benefits of forests an integrated assessment of the processes, as well as
accurate field measurements and modelling studies would be essential.

3.4 Estimations of the carbon content of forests and forest soil at the
xeric limit

3.4.1 Below- and aboveground carbon stock in the dendromass of native tree
species in Hungary

Forestry, in practice, uses special climate categories represented by different tree
species (i.e. beech, hornbeam-oak, sessile oak - Turkey oak, forest steppe: treeless).
Beech climate can be characterized by most humid conditions, whereas forest steppe
isthe warmest and driest from the classes. These categories indicate different growing
potential, therefore, any change in the area of climate categories accompanies with
variation of organic matter production of the forest ecosystem (Fihrer et al., 2011a,b).

The ecological value of forest sites can be characterized by organic matter production,
which is influenced by the climate in a greater rate, than it was thought before.

The organic matter production ability can be characterized in the easiest way by the
accumulated timber volume in the growing stock in unit area. It was determined, that
in unit area of climate categories used in practice, the organic matter accumulated
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in the growing stock are the highest in Beech climate (321 m3/ha). In Sessile oak or
Turkey oak climate it is only 207 m3/ha, and in forest-steppe climate it is less than 149
m3/ha.

carbon stock of the
dendromass

carbon stock of the soil and that of the
dead organic material of the soil

Figure 18. Carbon stock of the Turkey oak stand

Due to the climate change Turkey oak is becoming more and more important. The
characteristic of Turkey oak is taproot system. When young it develops its roots deep
into the soil very vigorously. Later lateral roots also become stronger and they will be
able to develop farther from under the projection of the crown. In the experimental
plot the volume of all roots in the upper 100 cm soil layer exceeds the go% of the
total root volume. This means that even if the soil conditions make possible the
penetration of roots into deep layers, most of the root system encompasses and
utilizes rather the one-meter tilth beneath the surface. Based on our measurements,
the quantity of belowground dendromass (root swelling and root system) referring to
carbon equivalent in the examined Turkey oak stand is 51 t/ha, of which 36 t/ha is in
the root system. Its ratio out of the total dendromass (aboveground and belowground
together) is 19 %. In a more unfavourable (drier) sample plot the value of 25% has

msOrecland [111



Chapter 3

been measured at a similar age Turkey oak stand. Consequently, the favourable
climate conditions affect the organic matter production positively, the aboveground
dendromass is higher, both in terms of ratio and absolute value. In a warming climate
the amount of aboveground dendromass and the organic matter production will
decrease (FUhrer et al. 2011).

3.4.2 Carbon sequestration of forest ecosystems and climate change

The ecophysiological observations and the investigation of the physiological
processes of forests depending on weather have clearly proved that water supply
in the main growth cycle (May to July) and in the critical months (July and August)
essentially influences the growth and organic matter production of the forest (Fihrer
et al. 2011). Relationship between meteorological parameters and girth-growth
of trees (proportional with organic matter production) can be characterized by a
simplified forestry aridity index (FAI) for Hungarian conditions (Fihrer et al. 2011a).
By this index, the average weather conditions of different climate categories applied
in forestry practise can be described. The smaller is the value of the FAI, the cooler
and rainier is the climate (beech climate can be characterized by the lowest, whereas
Turkey oak climate by the highest FAI values) FAI shows a causal relationship with
the average yearly organic matter production (FUhrer 2007). The calculated FAI values
show strong correlation with the carbon sequestration of the forest stand. Figure 4
shows that under present climate conditions, carbon sequestration is declining with
increasing aridity among the forest climate classes.

The results may be utilised for forecasting productivity changes according to various
scenarios. Based on the results of regional climate model simulations for the country,
summers are projected to be warmer and drier (Gélos et al. 2007). These can result in
a drastic shift in the forest climate categories and a species composition change on
long-term time basis (FUhrer et al. 2013). The beech climate is projected to almost
disappear from Hungary, the first of all on the xeric limit of its distribution, and Turkey
oak as well as forest steppe climate is expected to expand. Based on figure 4, it
would lead to less carbon sequestration in the forest dendromass and a decrease in
production capacity of stands.

We expect a significant area decrease in good forest yield classes together with an
increase in poor categories. The decrease in yield is caused by decrease of lumbered
wood volume and more valuable wood assortments, as well. In case of the projected
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climate scenario, the highest decay in production capacity will be expected for Turkey
oak (12 percent), while the lowest for beech (7.5 percent). (Fihrer et al. 2013).
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Figure 19. Correlation between aridity index (FAI) and the carbon stock stored in the
dendromass of examined zonal forest types on optimal sites (FUhrer et al. 2011b)

The forecasted warmer and drier climate in growing season would also result in
evident growth-loss of forest trees in Hungary. The growth-loss can be indicated by
the decrease in wood volume of an area unit. Considering that cost of logging are
determined mainly by the actual marketing circumstances independently on climate
change; final consequence of the loss in production will be the decrease of revenues
and profitability of forestry practice (FUhrer et al., 2013).

3.4.3 Soil carbon content and its estimated change under future climate conditions

Carbon content of forest soil and litter has been investigated in 35 deciduous forest
plots in Southwest Hungary. Soil samples were collected from o-5, 5-10, 10-20 és 20-
30 cmdepth, applying standardizted methods. Weight, pH value, carbon and nitrogen
content as well as the mechanic composition of the samples have been determined.
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The volumetric weights of the certain soil layers were also estimated for calculating
the carbon content.

Carbon content of the litter samples has been determined separately for leaves,
needles, twigs and decomposed.

Litter contains 5 tons carbon/hectar and the upper soil layer 46 tons carbon/hectar,
which is almost 10 times as much as in the litter (figure 20). The estimated variability
within the layer is larger than the carbon contend difference between the layers.
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Figure 20. Carbon content of litter and forest soil

The drier and warmer climate can result in a decrease of the productivity of forests
on the xeric (lower) limit of their distribution, where water availability is an important
limiting factor. But it does not lead to the decrease of the carbon reserves of soil.
The investigations and estimations showed that carbon reserves of soil may be
higher under drier and extreme climate conditions. The reason for it is that the
organic material and humus decomposition is prevented by drier climatic conditions
in summer. 40-60 % of carbon stock of forest ecosystem can be found in underground
organic matter in the Hungarian forests lands. The proportion of soil is 25-40% in
total stock of carbon. It amounts to 27% carbon stored in dead organic material in the
beech-wood forest, and 40% in Turkey oak forest. However, the total carbon of stock

114, ms©recland



Structure and functioning of forest ecosystems

of Turkey oak forest ecosystem was smaller, carbon of stock in soil was larger than in
soil of beech-wood forest (Bidlo et al. 2011).

Expected unfavourable ecological effect of climate change can be a high risk for forest
management.

RELATED WEBSITES, PROJECTS AND VIDEOS

carbon cycle: https://www.e-education.psu.edu/meteos69/node/160
https://www.fas.org/irp/imint/docs/rst/Sect16/Sect16_g.html
http://www.whrc.org/mapping/boreal/modeling.html

UN-REDD Programme: Reducing Emissions from Deforestation and forest Degradation:
http://www.un-redd.org/AboutREDD/tabid/102614/Default.aspx
http://www.thegef.org/gef/pubs/land-use-land-use-change-and-forestry-lulucf-activities

Forests and climate change (FAO) — carbon and GHGs: http://www.fao.org/docrep/oos/ac836e/
AC836E03.htm

Soil properties and processes that control soil carbon accumulation: http://www.youtube.com/
watch?v=seJhFW6h_1U

Projects:

http://www.iww.uni-freiburg.de/researchareas/resource-and-carbon-storage
http://www.ucd.ie/carbifor/

http://www.forestry.gov.uk/fr/INFD-633DJ4

http://ucanr.edu/sites/forestry/Carbon/

Forest carbon dynamics; National Forest Sinks Committee Forest Carbon Risk Analysis Project
http://cfs.nrcan.gc.ca/projects/topic/36

Forest carbon sequestration:

http://www.youtube.com/watch?v=D-E-7RMbSZo

http://www.youtube.com/watch?v=5xQnFhIRR88

msOrecland [115



Chapter 3

REFERENCES

Bidl6, A., Juhasz, P. Sz(ics, P. Odor P. (2011). Carbonstock of thesoilinsomeWest-Hungarianfores-
tedlands, Geophysical Research Abstracts, Vol. 13, EGU2011-7803, 2011, EGU General Assem-
bly 2011

Bonan, G.B. 2008. Ecological climatology. Cambridge University Press, UK, 550 p

Bonan G.B. 2008. Forests and climate change: forcings, feedbacks, and the climate benefits of
forests. Science, 320, 1444-1449, doi: 10.1126/science.1155121

Booth B B B, Jones C D, Collins M, Totterdell 1 J, Cox P M, Sitch S, Huntingford C, Betts R A, Harris
G R, Jon Lloyd: High sensitivity of future global warming to land carbon cycle processes. En-
viron. Res. Lett. 2012, 7 024002 (8pp) d0i:10.1088/1748-9326/7/2/024002

Fihrer, E., Horvath, L., Jagodics, A., Machon, A., and Szabados, I., 2011a: Application of a new
aridity index in Hungarian forestry practice. Id6jaras 115: 103—118.

Cao L, Bala G, Caldeira K, Nemani R, Ban-Weissa G: Importance of carbon dioxide physiological
forcing to future climate change. Proc. Natl. Acad. Sci. 2010, 107(21):9513-1918.

FAO: Global Forest Resources Assessment 2005, Progress towards sustainable forest manage-
ment,

FGhrer, E., Marosi, Gy., Jagodics, A., and Juhasz, |. 2011b: A klimavaltozas egy lehetséges hatdsa
az erd6gazdalkodasban [Possible effects of climate change in the silviculture]. Erdtud. Kozl
1, 17-28. (in Hungarian)

Fihrer E., Jagodics A., Juhasz I., Marosi Gy., Horvath L. 2013. Ecological and economical impacts
of climate change on Hungarian forestry practice. 1d6jaras 117: 159-174

Galos, B., Lorenz, P., and Jacob, D. (2007). Will dry events occur more often in Hungary in the
future? Environmental Research Letters, doi: 10.1088/1748-9326/2/3/034006.

Gopalakrishnan R, Bala G, Jayaraman M, Cao L, Nemani R, N H Ravindranath NH: Sensitivity of
terrestrial water and energy budgets to CO2-physiological forcing: an investigation using an
offline land model. Environ. Res. Lett. 2011, 6 044013 (7pp). d0i:10.1088/1748-9326/6/4/044013

Jackson R.B., Randerson J.T., Canadell J.G., Anderson R.G., Avissar R., Baldocchi D.D., Bonan
G.B., Caldeira K., Diffenbaugh N.S., Field C.B., Hungate B.A., Jobbagy E.G., Kueppers L.M.,
Nosetto M.D., & Pataki D.E. (2008). Protecting climate with forests Environ. Res. Lett., 3,
044006 (5pp), doi: 10.1088/1748-9326/3/4/044006

Jandl, R., Rasmussen, K., Tomé, M. and Johnson D.W. 2006. The Role of Forests in Carbon Cycles,
Sequestration, and Storage. IUFRO Newsletter, Issue 4. Forest Management and Carbon Se-
questration.

Millennium Ecosystem Assessment 2005.

Pitman A.J. (2003). The evolution off, and revolution in, land surface schemes designed for clima-
te model. Int. J. of Climatol. 23, 479-510, doi: 10.1002/joc.893

116 msOrecland



Structure and functioning of forest ecosystems

4 BIODIVERSITY GENERATION AND CONSERVATION
SERVICES - ECOSYSTEM, SPECIES AND GENETIC DIVERSITY

4.1 Introduction

The analysis of quantitative data of common garden tests supports the concept that
these tests offer unique possibilities for the realistic simulation of effects of climate
change scenarios. Within the distributional range of a species, the response of a
population depends on its adaptedness to its local environment. At the xeric limit,
selection pressure narrows genetic variation and the increase in frequency of extreme
events may result in growth decline and mortality. In the humid part of range, climate
selection is less effective.

The asymmetry of response in different environments supports the hypothesis
that the simultaneous action of plasticity and selection maintains an adaptive non-
equilibrivm also at genetic level, similarto the one at ecosystem level. In the distributional
range of low moisture stress, warming will ease plasticity strain, which leads to
growth acceleration instead of “decoupling” from adapted climate. The opposite
growth trends in Western and boreal Europe, versus South-eastern-continental and
Mediterranean Europe can be explained by the described phenomenon.

As expected rapid changes in the next decades will affect first of all the extant
(already existing) forest stands, adaptation potential will mainly depend on the level
of phenotypic plasticity. The importance of this trait should be recognized not only
in breeding and improvement, but also in selection and use of forest reproductive
material.

4.1.1 Xeric limits and genetics

Trees, as dominant components of forest ecosystems, are of high ecological
importance in the temperate belt and receive much attention with regard to
adaptation potential and future risks of diversity loss and extinction. Much of the
climate change literature however is based on simulations and models, the genetic
background of which are often deduced from results with annuals or other fast
reproducing organisms. Genetic analyses of forest trees demonstrate that their
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genetic system and diversity parameters are diametrically different from annual plants
or animals (Hamrick et al. 1992).

The crucial problem of realistic interpretation of adaptation to climate change is
however the missing of field observations, such as common garden tests. In forestry,
these tests have a very long tradition (“provenance tests”). Tests with trees are difficult
to establish, laborious and time consuming to maintain and measure.

Another important field often missed when modelling and predicting responses to
changes, is the production biology of forest trees (forest yield science). Large-scale
assessments exist in forestry which analyse the response of forest stands to extant
climate change effects and weather extremes (e.g. Briceno-Elizondo et al. 2006,
Lapenis et al. 2005, Kramer and Mohren 2001). For instance, data show for large parts
of Western Europe an unprecedented acceleration of forest growth in the recent
warming decades, exceeding in some cases 50% (Spiecker et al. 1996). Interpreting
these data might alleviate prediction difficulties of adaptive behaviour of tree
populations. These shortcomings emphasise the importance of cross-disciplinary
research (Matyas 2006b).

4.1.2 Bioclimatic modelling of xeric limits needs genetic considerations

Climatic demands of tree species and of forest ecosystems have however attained
a sudden actuality in the context of adaptation to predicted climatic changes.
Bioclimatic modelling of distribution ranges is based on the concept that distributional
patterns depend — among other factors — on the physiological tolerance limits to
climatic effects. This generally recognised rule has to be extended by the statement
that physiological tolerance is unquestionably determined by genetics. Tolerance can
be defined as the ability of a genotype to maintain its fitness despite damage. Itis also
presumably genetically correlated with phenotypic plasticity, i.e. with growth vigour
across environments (Weis et al. 2000; Matyas and Nagy 2005). Limits of tolerance
are therefore genetically set and will determine the presence or absence of species
(Figure 21).

Thus, adaptive response to environmental stress is ultimately a genetic issue,
and correct bioclimatic modelling is strongly dependent on genetically set tolerance
limitations.
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Figure 21. Ecological-genetic model of fitness decline and mortality triggered by

worsening of climatic (site) conditions. The genotypic variance of limits of tolerance (V)

represents the basis of natural selection. Due to competitive or trophic interactions in

the ecosystem, the natural distribution is usually stronger limited, than the genetically
set critical tolerance, as marked by the dashed curve (Matyas 2006a)

4.1.3 Ecological and genetic options to adapt to changes at the xeric limits

Early symptoms of climate change effects at the xeric limits, such as loss of vitality,
sporadic mortality, forest health problems indicate the constraints of adaptability.
There are both genetic and non-genetic mechanisms operating on the individual,
population, species and ecosystem levels, balancing changes in environmental
conditions. On species and ecosystem or landscape level, a non-genetic possibility
of responding to large-scale changes in the environment is migration through seed
dispersal, including species substitution (succession, immigration) provided there are
suitable species available.
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Extensive studies on long-distance gene flow through pollen have shed light also on
this very effective mechanism of constant replenishment of genetic resources, which
most probably contributes to the unexpectedly high diversity and adaptability of tree
populations (Hamrick et al. 1992). It is self-evident that migration and gene flow are
functional across the whole range of distribution. Both mechanisms have however
limited importance at the xeric limits, because they rather support the escape of
species and genes instead of the persistence in marginal situations.

Genetically set adjustment mechanisms sustain persistence both on population and
individual level. On the level of populations, natural selection adjusts the average
fitness of a population to changing conditions. The directed genetic change of the
population’s gene pool towards an optimum state is genetic adaptation in the strict
sense. It is a well accepted concept that the basic precondition for fast and effective
genetic adaptation lies in sufficiently large variation, i.e. in sufficient genetic diversity
(e.g. Booy et al. 2000, Beaulieu and Rainville 2004). Long-term genetic adaptability
is therefore directly depending on the conservation or even reconstruction of broad
adaptive genetic variance. The progress of selection will also depend on the intensity
of selection pressure, as described by Fisher’s theorem (Matyas 2004). This progress
may be counterbalanced by gene flow and migration.

Selection by climatic effects is certainly a key element among ecological factors. On
the individual (genotype) level, phenotypic plasticity provides the ability to survive in a
wide range of environments, without genetic change in the classic sense. Plasticity is
the environmentally sensitive production of alternative phenotypes by given genotypes
(DeWitt and Scheiner 2004). Plasticity implies that the phenotypic expression of
genes is influenced by the environment, thus the organism may modify its responses
within genetically set limits. It is especially effective in modular organisms such as
trees, where the growth and developmental cycle may be strongly influenced by the
environment. Phenotypic plasticity will set the limits of environmental heterogeneity
within which a genotype or population can persist in its lifetime. In ecological
literature, plasticity is often regarded as a non-genetic adaptation mechanism. It has
to be emphasised that this trait is definitely heritable and also underlying climatic
selection (Matyas 2006a).
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4.2 Estimation of aridity tolerance from common garden test
results

4.2.1 Transfer analysis of common garden data

The principle of this approach is the use of ecological variables to express the change
of environment through transfer to the test site. Adaptive responses to changes can
be interpreted, generalized and compared more easily if expressed as ecological
distances. To observe tolerance and plasticity, populations (provenances) are
assessed in different environmental conditions. Regression analysis can be applied
to describe the change in fitness. The slope of the function represents the sensitivity
to changes and possible limits of tolerance. Taking growth and health condition as
proxy for fitness, the function is interpreted as the species’ reaction norm of fitness
to the variable investigated (precipitation, drought). Thus, growth and survival of
populations adapted to a given site, transferred and tested in other environments as
part of common-garden tests, can be interpreted as a simulation of ambient changes
at the original location. The transfer analysis validates the forecasting of adaptive
response and of effects of environmental change (Matyas and Nagy 2005; Rehfeldt et
al. 2003).

4.2.2 Response to changes of climatic environment

Common garden tests of most tree species verify that populations originating from
different climates show specific adaptation to local conditions and, accordingly,
respond differently if grown under uniform conditions of a common garden.

The effect of temperature conditions on height growth of populations has been
studied in six Scots pine tests situated in the centre of European Russia (Matyas and
Nagy 2005). The climate there is continental, summers may show moisture deficit.
In order to exclude the effect of site quality, data were standardized by expressing
height at age 16 in percents of locally adapted populations (relative height, see Figure
22). Inthe figure, transfer into cooler environments is shown by negative temperature
sums. Tested populations were grouped according to their adaptedness into northern,
central and southern groups.
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The comparison of the regressions show that the three groups behave very
similarly and display a marked depression in height growth with increasing aridity
(i.e. higher mean temperature) of test location. This means that if introduced to
more arid conditions than they were adapted to, populations react with growth
decline expressed in relative height. On the other hand, the transfer into cooler (=
more humid) environments resulted in growth acceleration compared to the local,
autochthonous populations (Matyas and Nagy 2005). Figure 2 illustrates that the
simulation of climatic warming, i.e. the transfer into warmer environments, results in
significant decline of productivity in the warmer part of the range, where moisture is
in deficit in certain periods of the year.
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Figure 22. Linear regressions of relative tree height versus change of temperature sum

(degree-days in °C) due to transfer by groups of provenances of Scots pine in 6 Russian tests

(Matyas and Nagy 2005)
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4.3 Discussion

4.3.1 Adaptation maintains non-equilibrium state

It seems that the width of local adaptation is extended by phenotypic plasticity of
genotypes towards less optimal environments. If environmental conditions improve
(= transfer to milder sites), growth response will improve as well. Reaction norm of
populations adapted to climates close to the xeric limit, exhibit an increased growth
response northward of the original location. This effect is shown in figure 22.

It indicates that populations under climatic selection pressure adapt to local conditions
simultaneously by genetic (natural) selection and by utilizing phenotypic plasticity. With
increasing distance from climatic conditions of the physiological/genetical optimum for a
given species, populations toward the climatic limits of distribution display an increasing
genetic adaptation lag, buffered by phenotypic plasticity. As similar phenomena have
been observed in numerous common garden experiments, on different species,
cultivation or random effects such as gene flow are insufficient explanations. The
migration hypothesis, i.e. that populations colonizing the site had no time yet to
adapt locally, might hold at the thermal limits in the north, but not in the rest of the
distribution area, and particularly not at the xeric limits. A parsimonious explanation
is the assumption of adaptive non-equilibrium (Matyas et al. 2008).

The proposed hypothesis of adaptive non-equilibrium means that within the
distribution area of a (zonal) species, genetic adaptedness in the strict sense can be
considered to be in an equilibrium state only in a narrow optimum zone. Approaching
the thermal and xeric limits, the local populations get under increasing climatic
stress due to the suboptimal functioning of genetic selection, which is buffered by
phenotypic plasticity. Genetic diversity is then stabilised in a quasi-equilibrium state
(Matyas et al. 2008).

4.3.2 Conclusions for prediction and bioclimatic modelling of adaptive response
Asymmetry of response
An important outcome of transfer analyses is the asymmetry of response. The effect

of environmental change on populations in different parts of the distribution range is
divergent as different climatic factors exert their selection pressure.
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The reaction of indigenous tree populations to warming will differ according to
climatic zones. In the thermal-limited northern-boreal zone, the expected rise of
temperature will lead to marked growth acceleration. At lower altitudes, in the
temperate-maritime zone, growth will accelerate too, along with increasing or at
least unchanged rainfall. In the sub-humid temperate-continental and sub-humid
Mediterranean zones, however, even relatively minor temperature increases, coupled
with growing drought stress, will trigger loss of compatibility, higher susceptibility
to diseases, and increased mortality. At the xeric limits warming leads to relatively
fast growth and productivity loss, and selective mortality (Berki and Rasztovits 2004;
Matyas 2005). It should be noted that the described phenomena are generalisations.
Substantial deviations may be caused by the genetic system of the species, the
evolutionary-migratory past and regional or local climate effects. For example, there
are indications that in certain regions of the boreal zone, where moisture stress is
already present due to low precipitation, higher temperatures and increased drought
stress may also lead to incremental decline (Lapenis et al. 2005).

Changes in genetic diversity following climatic stress

Expectable genetic changes will be minorin the northern part of the distribution range
despite the extreme speed of predicted (and already ongoing) changes. Improved
growing conditions can be utilized through the plasticity potential of tree populations,
without much migration or selection. As inherited plasticity will determine the
response to changes, there is little room left for genetic adaptation. In temperate-
Atlantic Europe, where moisture stress is predicted to stay low, populations will also
be well buffered by their adaptability.

The situation is completely different along the xeric limit of main tree species, and at
the limit of closed temperate forests. Here, natural selection becomes effective in the
form of irregularly appearing health decline and mortality waves following weather
extremes. High selection rates will certainly exert a strong effect on the genetic
resources of exposed populations, and if stress situations aggravate, it may lead to
local population extinction, even for once well distributed, dominant species (Matyas
et al. 2008). This underlines the importance of management and conservation of
forest genetic resources (Ledig and Kitzmiller 1992, Matyas 2000).
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4.3.3 Conclusions for mitigation and management

At the xeric limits of distribution, migration or gene flow from better adapted
populations is not happening. Regarding interannual fluctuations, with increasing
mean temperatures, severity of extremes will increase too: aridity stress will
therefore increase, which will cause additional stress at the xeric limits. Fast genetic
adaptation is in contradiction with the accepted assumption of strong biological and
ecological constraints. At the (zonal) xeric limits, an unlimited adaptation to declining
environment is unthinkable, due to the evolutionary tradeoffs and constraints. This is
proven by remarkable migrations and area shifts in the geological past (Matyas et al.
2008).

Therefore the need of human intervention in mitigation has to be underlined (Matyas
2006a). Due to ecological constraints to spontaneous adaptation, the policy of
artificial translocation should be preferred instead of extensive enhancement of
connectivity, at least with regard to tree species.

4.3.4 Consequences for forest management

The urgent necessity to put into practice the findings of quantitative genetics cannot
be questioned. In addition some aspects of forest management should not be
overlooked when predicting responses and formulating mitigation strategies. Most
of Europe’s forests have been and still are under strong human influence, and are
managed according to periodic management plans. Especially close to the xeric limit,
the proportion of nature-close forests is low, regeneration is mostly artificial. E.g. in
Hungary, the rate of artificial regeneration is at present over 70 % on the Great Plain.
The possibilities left for spontaneous processes, such as migration and succession
are limited. Forest stand composition is primarily determined by forest policy and
economic considerations. This means also that adjustments in species composition
and in adaptive genetic potential may be achieved faster and more effectively
compared to natural, spontaneous processes (Matyas et al. 2008).

In drought stress climates, increment loss and higher incidence of diseases and pests
will challenge the economics of forest operations, and will shift the emphasis towards
the maintenance of ecological functions and conservation of stability and of genetic
resources (Geburek and Turok 2005).
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Climaticeffects ofland coverchange

Aron Driiszler

ABSTRACT

Geological, paleontological and geomorphologic studies show that the Earth’s
climate has always been changing since it came into existence. The climate change
itself is self-evident. Therefore the far more serious question is how much does
mankind strengthen or weaken these changes beyond the natural fluctuation
and changes of climate. Beyond the greenhouse effect and natural climate
forcing processes (such as solar variability) there are also further anthropogenic
influences with their various and partly non-negligible radiative effects. Land cover
changes over time are one of the less successfully reconstructed anthropogenic
influences on climate. Itis well known that climate is the main factor of vegetation
development through the precipitation, temperature, radiation and through the
amount of carbon dioxide but the vegetation changes also affect the climate
(partly as a feedback mechanism) via albedo, heat, water and momentum fluxes,
as direct effects on the energy balance. There is also an indirect effect based on
changes in the CO, concentration caused by the vegetation changes. This paper
provides an overview of the scientific literature on climatic effects of land cover
changes and through one detailed regional example (Hungary) also tries to show
the mode of action of historical land cover changes on the regional climate system.
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1 INTRODUCTION

Final aim of the climate research is to create correct forecasts for the future. For this
reason we have to identify the individual processes which can influence our climate.
Knowing the different climate forcing processes and evaluating the effects of their
changes can help us to achieve this goal.

The atmospheric CO, concentration increase is well-known since the 18" century. This
rise, together with the effect of other greenhouse gases, is equivalent to +2.5 Wm™
increments of the planetary radiation balance and to ca. 1.5 °C of equilibrium global
warming. However, up to the present only +0.74 °C temperature increase was globally
observed (IPCC, 2007). This means that effects of other climate forcing processes and
internal mechanisms may have the same order of magnitude.

Beyond the greenhouse effect and natural climate forcing processes (such as solar
variability, changesis solar orbital parameters, volcanic activity), there are also further
anthropogenic influences, i.e. the effects of sulfate aerosols, land cover change,
stratospheric ozone depletion, black- and organic carbon aerosols and jet contrails,
etc., with their various and partly non-negligible radiative effects. A comparison of
these effects during the past 250 years is presented in the IPCC Report (Forster et al.,
2007: Table 2.12 on p. 204.)

Land cover changes over time are one of the less successfully reconstructed
anthropogenic influences on climate. The surface albedo, emissivity,
evapotranspiration, soil heat flux and the aero-dynamic roughness of an area are
affected by land cover changes. The surface roughness length affects the efficiency
of the vertical exchange between the surface and the atmosphere in the planetary
boundary layer. The surface albedo and emissivity modify the short wave and long
wave radiation budget. Vegetation controls the partitioning of vertical turbulent
heat fluxes between their sensible and latent forms (Bonan, 2004) through the
plant-specific rate of evapotranspiration to the potential one. (The latter presumes
unlimited availability of water from the soil). In addition, the vegetation’s shading
also influences the soil heat flux. These processes have a provable impact on the near-
surface temperatures and atmospheric humidity (Driszler et al., 2010, 2011).

This paper provides an overview of the scientific literature on climatic effects of land cover
changes (Section 2.) and through one detailed regional example (Hungary) also tries to show
the mode of action of historical land cover changes on the regional climate system (Section 3.).
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2 LITERATURE REVIEW

It is well known that climate is the main factor of vegetation development through
the precipitation, temperature, radiation and through the amount of carbon dioxide
(Budyko, 1974; Prentice, 2001; Nemani et al., 2003), but the vegetation changes also
affect the climate (partly as a feedback mechanism) via albedo, heat, water and
momentum fluxes, as direct effects on the energy balance. There is also an indirect
effect based on changes in the CO_ concentration caused by the vegetation changes
(Pielke et al., 1998; Bonan 2002).

If all forests of the Earth were intheir natural potential conditions, thentheir total areas
would cover 52-59 million km?(Ramankutty and Foley, 1998; Klein Goldewijk, 2001).
However, mankind uses a substantial part of its continental surface for agriculture
and other purposes, e.g. deforestation, urbanization, overgrazing, etc. According
to Crutzen (2002), ca. 50 % of the natural surfaces of continental areas have already
been changed by mankind. Though this process started as early as the stabilization of
climate ca. 10,000 BP, about 75 % of all forest reduction took place after the Industrial
revolution.

The existence of the vegetation feedbacks on climate are already proven by empirical
and model studies, on monthly and seasonal averaging and at local, continental and
globalscales, as well. In a part of these investigations the ocean-atmosphere feedback
methodology (Frankignoul et al., 1998; Frankignoul and Kestenare, 2002) was adapted
to the case of vegetation-atmosphere feedbacks, utilizing that dynamic memory
of these feedbacks is also longer (1-2 months) than that of the atmosphere (1-2
weeks) (Liu et al., 2006; Notaro et al., 2006). In these studies the role of sea-surface
temperature for the slow sub-system were played by the fotosynthetically active part
of the solar radiation (FPAR), which value can be monitored from the satellites and
characterizes the vitality of the vegetation.

According to these computations, the plant development depends mainly on
temperature at the temperate latitudes, but it feeds back to the temperature, as
well. This positive feedback may reach 10-25 % of the intra-monthly fluctuations. The
feedback is the strongest in the cold-belt forests, e.g. in the Northern States of the
USA and Canada, Northern Europe and Siberia. Here the feedback effect may be as
strong as1°C
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At the tropical and subtropical regions, however, the state of vegetation depends
rather on precipitation. Though small feedback can be identified on precipitation in
these regions, here the feedback does not reach 5% of the total fluctuations. In some
isolated areas, however, the amplifying feedback on precipitation may be higher than
10 mm/month. Such regions are e.g. North-East Brasilia, East-Africa, East-Asia and
Northern part of Australia.

One of the most significant changes in land cover is the clearing of tropical forests
in order to obtain new farmland, e.g. in the Amazon basin (Bonan, 2004). Though
pastures of the tropical belt exhibit a higher albedo than the forests, it was still
computed that some warming is the net result of the forest reduction (Gash et al.,
1996, Gash and Nobre, 1997). The most likely cause of this warming is hidden in the
root system of the trees, allowing much stronger transpiration in the dry and hot
seasons (Kleidon and Heimann, 2000). The cooling effect of this mechanism, lost by
deforestation is stronger than the warming effect of the albedo differences, as shown
by model studies, (Bounoua et al., 2002).

The complete deforestationin Amazonia could already reduce the natural atmospheric
precipitation, due to reduction of moisture sources for the atmospheric circulation
(Lean and Rowntree, 1997). Partial clearing of tropical rainforests, however does not
lead to precipitation reduction. Moreover, finer resolution models did even point at
the possibility that existence of warmer spots within the forest cover may cause small-
scale circulation, which could increase the convective activity (Roy and Avissar, 2002).
Partial deforestation may even increase the precipitation of the Amazon region,
itself, which is in coherence with the trends of precipitation observations (Chagnon
and Bras, 2005).

Further model simulation targeted the effect of land cover changes on precipitation in
the Estern partofthe USA (Pielkeetal., 1997). Inthe experiment, there were differences
only in the land cover parameters; all atmospheric initial and boundary conditions
remained unchanged. In the weather case they chose, the natural vegetation led to
intense convective cloudiness (cumulus congestus), but without precipitation. The
same atmospheric conditions with the present agricultural land cover led to intense
precipitation and thunderstorm activity. In the given period of time, the observations
supported the latter case with heavy precipitation (Shaw et al., 1997).
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In arid and semi-arid regions of our planet, agricultural land cover, overgrazing and
the use of trees for fuel modifies the energy-balance of the surface, the hydrological
cycle and, hence, the climate (Bonan, 2004). Overgrazing increases the surface albedo
(Charney, 1975; Charney et al., 1977), which, in turn decreases the temperature and
vertical instability. Hence the less convective cloudiness led to decreased precipitation
in these belts. Therefore, degradation of the landscape can even enhance permanent
drought. The more recent studies also supported that large scale changes in the land
cover of the Sahel-belt could lead to decreased precipitation in the North African
regions (Xue and Shukla, 1993; Clark et al., 2001).

Spatial contrasts between the dry and the irrigated agricultural lands may lead to
strong contrasts in the sensible and latent heat balance of the two surface types
(Bonan, 2004). This can induce mesoscale circulation (Avissar and Pielke, 1989; Chen
and Avissar, 1994). High evapotranspiration from the irrigated surfaces can cool the
near surface layers of the atmosphere, which causes local circulation which is similar
to the sea-land circulation. The same contrast may lead the same circulation in the
boundary between the hot natural areas and cooler irrigated areas. The irrigation
causes cooler climate conditions in Northeastern Colorado in the USA (Chase et al.,

1999).

The effect of vegetation on climate can be seen in the transition zone between
the tundra and taiga (Bonan, 2004). Differences in the albedo of taiga and tundra
ecosystems, which are strongly driven by the presence or absence of snow, can be an
important regulating factor even at the larger scales of atmospheric circulation. The
taiga warms climate in contrast with the neighbouring tundra vegetation, as shown in
several studies (e.g. Thomas and Rowntree, 1992; Beringer et al., 2005).

Calculations based on the land cover dataset of Ramankutty és Foley (1998) show
that the strongest global effects took place in the last 300 years as farms replaced
forests. In the previous 700 years (between ca. 1000 and 1700 AD) there was no
significant effect of the land cover changes on the global mean temperature. In the
last 300 years, mean global temperatures increased 0.09 °C and temperatures in the
Northern Hemisphere increased 0.15 °C due to land cover changes (Shi et al., 2007). In
the temperate and high latitudes this increase was as high as 0.3 °C with no significant
changes in the tropical and polar regions.
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Further studies supported the small decreasing effect of land cover changes on
temperature, (Bertrand et al., 2002; Matthews et al., 2003), but these studies did not
consider the indirect effect through increasing the CO, content of the atmosphere.
This could, however, change the land cover induced temperature changes from
cooling to warming!

Between 1850 and 2000, an estimated 156 Gt of Carbon was emitted into the
atmosphere due to deforestation (Houghton, 2003). Brovkin et al. (2004) found
that land cover was responsible for 15-35 % of the anthropogenic CO,_ emissions,
depending on the details of the reconstructions, according to Ramankutty and Foley
(1998), Klein Goldewijk (2001), or Houghton (2003). The ca. 35 % proportion was also
supported by Matthews et al. (2004) applying a similar methodology, i.e. climate-
vegetation-carbon-cycle modelling. This means, that land cover changes are among
the causes of the CO -induced global warming.

As fossil fuel burning increased rather fast in the recent century, the relative
contribution of the land cover to the atmospheric CO, uptake decreased (Betts,
2006). Between 1850 and 1900 this value fluctuated between 42% and 68%, but in
the 1990’s this contribution was only 5-35 %. According to Matthews et al. (2004),
the common direct and indirect effect of land cover changes could cause an increase
of ca. +0.15 °C globally between 1700-2000. The global radiative effect of land cover
change on climate was also estimated by Hansen et al (1998) and further reports were
also published by the recent two IPCC Reports (2001, 2007).

Mika et al. (2006) used preliminary radiative modelling to show that the effects of
historical land cover changes in Hungary in the second half of the 20t Century were
comparable to the primary effect of the increase of CO_ concentration on the radiation
balance of the surface-atmosphere system in the same time period. This relation in
the local radiation balance, however, does not allow an analogous comparison with
the climate consequences due to the main differences between the two climate
forcing processes. Namely, the greenhouse gases were changing in rather similar way
all over the world. Hence these effects have been distributed evenly in space, whereas
the effects of land cover are different in the different regions.

For further detailed investigations the MMs high resolution, non-hydrostatic
mesoscale model was used to analyze the climatic effect of historical land cover
changes during the 20™ century (Driszler et al., 2011). This work tries to answer
the following questions: (i.) What kind of impact could the land cover changes have

134| msOrecland



Climatic effects of land cover change

on the air temperature and dew point in Hungary? (ii.) How were these changes
distributed in the country? (iii.) Could the land cover changes in Hungary affect the
total precipitation in the last 100 years? (iv.) Could these differences of the land cover
modify the individual precipitation events in the form of a possible “trigger effect”?

3 METHODS

3.1 Land Cover Data Arrays

The land cover changes were significant in Hungary during the 20" century according
to the database of the Hungarian Central Statistical Office, and different historical
maps. Two different land cover maps for Hungary were created in vector data format
using GIS technology to restore the historical land cover changes. The land cover
map for 1900 was reconstructed based on statistical data and two different historical
maps: the derived map of the 3 Military Mapping Survey of Austria-Hungary (MMS,
1910) and the Synoptic Forestry Map of the Kingdom of Hungary (Bedd, 1896). The land
cover map for 2000 was derived from the CORINE land cover database (CORINE, 2000).

Significant land cover changes were found in Hungary during the 20" century
according to the examinations of these maps and statistical databases.

The Land Cover Types in Hungary in 1900 The Land Cover Types in Hungary in 2000

Cropland/
Woodland
Mosaic; 1.8%

Cropland;
56.8%

Water Bodies;
23%

Water Bodies;
1.9%
Vineyards; 2.5%
Fruit Trees and
Urban; 2.4% [Vineyards; 2.2%

Wetland; 3.2% Urban; 5.7%:

Figure 1. Fractional distribution of the land cover types in Hungary at the beginning (a) and
at the end (b) of the 20th century
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These maps show that the percentage of area of cropland in Hungary decreased from
61.0% to 56.8% between 1900 and 2000, while the urban areas increased from 2.43%
to 5.69%. Significant changes also occurred in the percentage of forests and grassland.
The forested area increased from 12.50% to 21.07%, while grassland decreased from

15.99% t0 9.53% by 2000 (Fig.1).

Figure 2. Land covers in Hungary at the beginning (a) and at the end (b) of the 20" century
according to the MM5 land cover categories

3.2 MM5

The MMsg non-hydrostatic dynamic model (Grell et al., 1994) was used to further
evaluate the meteorological effects of these changes. The MMg is a numerical model,
used worldwide, which is one of the main tools of the Hungarian nowcasting system
too. The lower boundary conditions for this mesoscale model were generated for two
selected time periods (for 1900 and 2000) based on the reconstructed maps (Fig.2).
The horizontal resolution of the numerical model was 2.5 km in each case.

Table 1. The pre-defined macro synoptic situations for Hungary, their long term (1961-1990) mean
frequency (during the time period from April to September) and the dates of the model runs

136| msOrecland



Climatic effects of land cover change

The weather in Hungary is determined
by:

((mCc)) the back of cyclone (possibly
its cold front)

8.77%

28" Aug, 2006, 00 UTC + 48h
5t July, 2007, 00 UTC + 48h

((AB)) the anticyclone over the British
Isles (or North See)

7-97%

13* July, 2006, 0o UTC + 48h
9t April, 2007, 00 UTC + 48h

((CMc)) the back of a Mediterranean
cyclone (possibly its cold front)

3.40%

10t April, 2006, 0o UTC + 48h
9t Aug, 2007, 00 UTC + 48h

((mCw)) the front side of cyclone
(possibly its warm front)

8.90%

18t June, 2006, 00 UTC + 48h
21°t Aug, 2007, 00 UTC + 48h

((Ae)) the cyclone that is on the east
from the country

9.12%

5t July, 2006, 0o UTC + 48h
29 Sept, 2007, 00 UTC + 48h

((CMw)) the fore side of Mediterranean
cyclone (possibly its warm front)

6.42%

5t April, 2006, 00 UTC + 48h
4" May, 2007, 0o UTC + 48h

((zQ)) the zonal stream of the cyclone
that is north of the country

3.48%

19*" May, 2006, 0o UTC + 48h
8" May, 2007, 0o UTC + 48h

((Aw)) the anticyclone that is west of
the country

17.75%

21°t Aug, 2006, 00 UTC + 48h
29t June, 2007, 00 UTC + 48h

((As)) the zonal stream of the
anticyclone that is south of the country

3.55%

2" Sept, 2006, 0o UTC + 48h
13 July, 2007, 00 UTC + 48h

((An)) the anticyclone that is north of
the country

12.62%

29" June, 2006, 00 UTC + 48h
4" June, 2007, 00 UTC + 48h

((AF)) the
Scandinavia

anticyclone  over

4-47%

9" June, 2006, 00 UTC + 48h
14" April, 2007, 00 UTC + 48h

((A)) the anticyclone over Hungary

10.67%

10" Sept, 2006, 00 UTC + 48h
20" Sept, 2007, 00 UTC + 48h

((Q)) the cyclone over Hungary

2.90%

30" May, 2006, 0o UTC + 48h
11*" Aug, 2007, 0o UTC + 48h
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3.3 Stratified Sampling

The dynamic model was run with the same detailed meteorological conditions of
selected days from 2006 and 2007, but with modified lower boundary conditions.
The macro-synoptic type had to remain unchanged for at least 48 hours. The dates
of the model runs were selected evenly within the six months of the vegetation
period, (April to September). The set of 2x13 selected initial conditions represents
the whole set of the macro synoptic situations for Hungary (Péczely, 1983; Table 1).
52 (2x2x13) forecasts were made with 48 hours of integration. The effects of land
cover changes under the different weather situations were further weighted by the
long-term (1961-1990) mean frequency of the corresponding macro synoptic types,
to estimate the climatic effect with these stratified averages. This process is called
stratified sampling.

4 RESULTS

The short summary of results was taken nation-wide for three climate variables
(temperature (2m), dew-point depression (2m), and precipitation). According to
the comparisons, climatic effects of the land coverchangesonthe meteorological
variables near the surface were not negligible during the 1900s. On average
nation-wide, they caused +o0.15 °C temperature increase and a 0.18 °C increase
in the dew-point depression during the vegetation period. The temperature
difference has three well-defined maxima in the night hours (Fig.3). This is a
consequence of the urban heat island phenomenon whose effect is strongest
at night. The changes are most profound in those parts of the country where
urbanisation was highest. For example, within the current borders of Budapest,
the land cover change caused an average 1.2 °C increase in daily temperature
during the vegetation period.
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Figure 3. The temporal (a) and spatial (b) distribution of temperature changes due to
the Hungarian land cover changes during the 20t century after applying the stratified
sampling method. The 12"and 36" hours correspond to 2 p.m. local time.

Fig. 3b also shows that in a few places in the country, contrary trends were found from
the national mean. Both the temperature and the dew-point changes (not shown) are
the most expressed within the country’s borders, because only the land cover changes
within the country were available. Nevertheless, some effects of these changes within
the country are also obvious outside the borders. Similar changes in the neighbouring
countries, not involved into our simulations, could also affect the climate of Hungary.

Fig. 4 shows that according to the simulations, the two different lower boundary
conditions did not cause significant changes in the total precipitation over Hungary.
After applying stratified sampling, the simulated mean precipitation was around 6
mm during the 48 hour periods (5.95 mm with the land cover in 1900, 6.01 mm with
the land cover in 2000). Nevertheless, by the analysing the spatial distribution of
precipitation differences (Fig. 4b), we concluded that there are many regions where
more than x7mm precipitation anomalies were emerging in consequence of different
land cover datasets. This means that the local uncertainty of precipitation forecast
due to historical land cover changes exceeds the mean amount of the predicted total
precipitation. Consequently we need an accurate description of current land cover in
the modelling system to get correct precipitation forecasts.
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Figure 4. Effects of historical land cover changes on the area mean precipitation (a) and

on the precipitation distribution (b) over Hungary after applying stratified sampling.

The MM5 was integrated for 48 hours in all cases. The largest differences caused by the
land cover changes exceed + 7 mm/48 hours.

In certain cases the historical land cover changes could dramatically affect the local
precipitation intensity and distribution. In particular cases this effect is connected with
the phenomena that the emergence of a thunderstorm is also influenced by “minor”
effects, such as temperature deviations over different land cover categories. We found
that the simulated precipitation falls in a different regional distribution due to the
varying lower boundary conditions, although the meteorological conditions were the
same. We illustrate this phenomenon through analysing one selected weather situation.

In our selected case, (11" August, 2007), during the running hours, there was a cyclone
with its centre over Hungary. The simulated total precipitation was around 17 mm
nation-wide. There were only small differences in this mean amount depending on
which land cover was used during the simulations.

Applying the 1900 land cover, the forecasted total precipitation inside the borders
was 17.8 mm; while using the 2000 land cover, it was 16.5 mm precipitation. Despite
the small differences in these mean values (Fig.5a), the impact of land cover changes
on local precipitation in some regions exceeds 40 mm during the simulated 2 day time
period as shown in Fig.5b.
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Figure 5. Effects of historical land cover changes on the area mean precipitation (a) and on the

precipitation distribution (b) over Hungary as simulated for a (C) situation with a temperate

latitude cyclone with its centre over Hungary, initialized at oo UTC on 11th August, 2007. The

MM5 was integrated for 48 hours, as in all other cases. The largest differences caused by the
land cover changes exceed + 40 mm/48 hours.

The odd thing about this situation is that the effect of the Tisza Reservoir on the
precipitation intensity becomes visible between the 27" and 29 running hours (Fig.6).
These selected hours clearly demonstrate how land cover changes can cause locally
significant differences in predicted precipitation. By using a 1900 land cover only 1-2
mm precipitation was predicted for the region of the present reservoir (local time
between 3 a.m. and 6 a.m.), because the reservoir did not yet exist at the beginning of
the 20" century. By using 2000 land cover, the large water body of the present reservoir
functioned as a great source of heat and moisture for the air at night. Therefore, the
model simulated heavy showers overthe reservoir during the same 3 hourtime interval.

These results clearly show that the large-scale weather conditions were unstable in
this region at that time, but the essential heat for intensive convection producing
local precipitation was available only in around the existing reservoir. Due to this fact,
a heavy rainstorm appeared only in the simulation with present land cover datasets.

It should be noted that the meteorological effect of Tisza Reservoir varies between
day and night. Contrary to the warming effect at night, water bodies usually cool the
air near the surface in the day time.
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Figure 6. Effects of Tisza Reservoir on the local precipitation intensity as simulated for a (C)

situation with a temperate latitude cyclone with its centre over Hungary initialized at oo

UTC on 11*" August, 2007. The differences between the first and second column were caused
by the different lower boundary conditions.

T
117 Aug, 2007, 00 UTC + 28k
.

i s,
TRl f
k: Y
117 Avg, 2007 00TTTC + 2340

Ll

1 S
117 Ang, 2007, 00TUTC + 23 h

142| msOrecland



Climatic effects of land cover change

5 CONCLUDING REMARKS

After the analysis of MMs5 dynamic model simulations, we found that the Hungarian
land cover changes in the last 100 years caused an increase of +o.15 ° C daily
temperature and +0.18 © C dew-point depression during the vegetation period. This
means that the near-surface air over Hungary is now warmer and drier than before
due to the land cover change. It is also plausible, that the computed results show the
maximum warming and drying over the urban areas. After the comparison of the
warming effect of the land cover change with the documented warming in Hungary
we concluded that the climatic effects of land cover changes are not negligible.
Consequently, beyond other climate forcing processes, it is necessary to take land
cover change into account by the interpretation of climate change in the past and for
making scenarios for the future.

Since the climatic effects of Hungarian land cover change are based on 26 weather
conditions only, the averaged results may be uncertain due to the relatively few
samples of meteorological cases. Nevertheless we conclude that the increase of the
daily temperature likely exceeds +0.1 °C, since all types exhibited warming between
the 1900 vs. 2000 land cover types, and the increase was larger or equal to 0.2 °Cin
19 of the 26 situations. The stratified sampling may not be as accurate as the true
climatic average from long-term observations, but the order of magnitude in our
estimations is probably correct.

It was also proven that the Hungarian land cover change does not have a significant
impact on the average precipitation nation-wide. However, the impact on the regional
distribution of precipitation is considerable, especially under unstable weather
conditions. The present study clearly shows that MMs5 precipitation forecast is very
sensitive to the lower boundary conditions. (All other mesoscale models must also be
sensitive). Since the Hungarian Nowcasting System uses the MM5 and WRF models,
which work with the same land surface model, it would be reasonable to update the
land cover database of these models by using current land cover maps. In addition, it
is also necessary to update the land cover parameters of these models. The quality of
the weather forecasting would be considerably improved.
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6 RELATED WEBSITES, PROJECTS AND VIDEOS

Land use, land use change and forestry:
http://forest.jrc.ec.europa.eu/activities/lulucf/

IPCC special report on forests: http://www.ipcc.ch/ipccreports/sres/land_use/index.
php?idp=o

http://unfccc.int/methods/lulucf/items/4122.php
http://ec.europa.eu/clima/policies/forests/lulucf/index_en.htm
http://en.wikipedia.org/wiki/Land_use,_land-use_change_and_forestry

Good Practice Guidance for Land Use, Land-Use Change and Forestry: HTTP://WWW.
IPCC-NGGIP.IGES.OR.JP/PUBLIC/GPGLULUCF/GPGLULUCF.HTML
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Afforestation as a tool for climate
change mitigation
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ABSTRACT

This chapter introduce the results of regional-scale sensitivity studies carried out
to investigate the role of afforestation in climate change mitigation for Europe.
Applying the regional climate model REMO, the projected temperature and
precipitation tendencies have been analyzed for summer, based on the results of
the A2 IPCC-SRES emission scenario simulation. For the end of the 21st century
it has been studied, whether the increased forest cover could reduce the effects
of the enhanced greenhouse gas emission. The magnitude of the biogeophysical
effects of afforestation on temperature and precipitation has been determined
relative to the magnitude of the climate change signal. Based on the simulation
results, afforestation may lead to cooler and moister conditions in most parts of
the temperate zone thus can reduce the projected climate change. The largest
relative effects of afforestation can be expected in northern Germany, Poland
and Ukraine, which is 15-20 % of the climate change signal for temperature and
more than 5o % for precipitation. The possible climate change mitigating effect of
afforestation shows large differences among regions, which have been analyzed
for Hungary more in detail. Results can help to identify the areas, where forest
cover increase is the most favourable and should be supported to reduce the
projected climate change. They can build important basis of the future adaptation
strategies and forest policy.
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1 INTRODUCTION

1.1 Regional climate projections for Europe

Several natural and anthropogenic processes influence the climate of the Earth.
Human affect climate through increasing greenhouse gas concentrations, changing
aerosol compositions as well as by land surface changes (IPCC, 2007). There are
several recent EU-projects carried out in the last decade, to provide high-resolution
climate change projections with focus on future climate changes and their impacts in
Europe (Christensen et al., 2007; Jacob et al., 2008; van der Linden & Mitchell, 2009).
These studies are based on the results of regional climate model simulations driven
by different predefined greenhouse gas emission scenarios. The difference between
the simulated climatic conditions for the future and for the present time period is
the climate change signal. For the 21st century, projected climate change signals for
temperature and precipitation show seasonal and spatial differences in Europe and
also vary depending on the applied greenhouse gas emission scenario.

For the period 2021-2050 all regional climate models predict a quite robust surface
warming in central and eastern Europe. The annual precipitation shows an increase
in the northeastern and a decrease in the southwestern regions. (Christensen &
Christensen, 2007; Kjellstrom et al., 2011). At the end of the 21st century, a warming
is expected in all seasons over Europe, which is stronger than in the first half of the
21st century. All models agree that the largest warming for summer is projected to
occur in the Mediterranean area, southern France and over the Iberian Peninsula.
Less warming is projected over the Scandinavian regions. For winter the maximum
warming occurs in eastern Europe (Christensen & Christensen, 2007). Results of the
regional model simulations show a north-south gradient of annual precipitation
changes over Europe, with positive changes in the north (especially in winter) and
negative changes in the south (especially over the Mediterranean area in summer).
For southern and central Europe the spatial distribution of the projected temperature
and precipitation changes in summer refer to a marked shift towards a warmer and
drier climate (e.g. Beniston, 2009).
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1.2 Climatic effects of land use and land cover change

Temperature and precipitation play an important role in determining the distribution
of the terrestrial ecosystems that in turn interact with the atmosphere through
biogeophysical and biogeochemical processes. Vegetation affects the physical
characteristics of the land surface, which control the surface energy fluxes and
hydrological cycle (biogeophysical feedbacks; Pielke et al., 1998; Pitman, 2003).
Through biogeochemical effects, ecosystems alter the biogeochemical cycles,
thereby change the chemical composition of the atmosphere (Bonan, 2002; Pitman,
2003; Feddemaetal., 2005). Forests have larger leaf areas and aerodynamic roughness
lengths, lower albedo and deeper roots compared to other vegetated surfaces. They
sequester carbon thereby alter the carbon storage of land.

Depending onthe region, biogeophysical and biogeochemical feedbacks of land cover
on climate can amplify or dampen each other (Arora & Montenegro, 2011). Through
these land-atmosphere interactions changes of the land cover and land use due to
natural and human influence alter climate and hence can lead to the enhancement
or reduction of the projected climate change signals expected from increased
atmospheric CO, concentration (Feddema et al., 2005; Bonan, 2008).

This section focuses on studies of the biogeophysical processes, which represent the
contrasting climatic effects of forest cover changes on different regions, seasons and
time scales. Changes of vegetation cover under future climate conditions enhance
the warming trend in Scandinavian Mountains as well as the drying trend in southern
Europe, but mitigate the projected increase of temperature in central Europe
(Wramneby et al., 2010). Boreal forests have the greatest biogeophysical effect of all
biomes on annual mean global temperature, which is larger than their effect on the
carbon cycle (Bonan, 2008). If snow is present, the darker coniferous forest masks the
snow cover. It is resulting in lower surface albedo compared to tundra vegetation or
bare ground, which leads to higher winter and spring air temperatures (Bonan et al.,
1992; Kleidon et al., 2007). Consequently, the change of vegetation from tundra to
taiga under future climate conditions amplifies the global warming. Tropical forests
maintain high rates of evapotranspiration. In this region, surface warming arising
from the low albedo of forests is offset by the strong evaporative cooling that reduces
global temperature increase (Bonan, 2008).
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In temperate forests the albedo and evaporative forcings are moderate compared
with boreal and tropical forests (Bonan, 2008; Jackson et al., 2008). Climate model
studies for the temperate regions showed that replacing forests with agriculture
or grasslands reduces the surface air temperatures (Bounoua et al., 2002; Oleson
et al., 2004) and the number of summer hot days (Anav et al., 2010). Other studies
show opposite results, where temperate forests cool the air compared to grasslands
and croplands and contribute to higher precipitation rates in the growing season
(Hogg et al., 2000; Sanchez et al., 2007, Galos et al., 2011; 2012; 2013). In the
Mediterranean region climatic effects of forest cover change can also vary during the
summer months (Heck et al., 2001). In the period from April until mid-July potential
vegetation cover conditions led to cooler and moister conditions due to the increase
of evapotranspiration. In mid-July soil moisture dropped below the critical value
and transpiration was almost completely inhibited. It resulted in dryer and warmer
summer accelerating the projected climate change. Teuling et al. (2010) pointed
out that the role of the forests in the surface energy and water budget is depending
on the selected time scale: in the short term, forests contribute to the increase of
temperature, but on longer time scales they can reduce the impact of extreme heat
weaves.

These studies indicate that forests can enhance or dampen the climate change signal
depending on various contrasting vegetation feedbacks, which can diminish or
counteract each other. Furthermore the variability of the climatic, soil and vegetation
characteristics as well as as well as the description of the land surface processes in
the applied climate model also have an influence on the simulated vegetation-
atmosphere interactions.

1.3 Research foci

The climatic feedbacks of land cover changes due to climate change and the regional
land use politics as well as the role of the forests in the climate change mitigation on
country scale are still unknown. In order to address this topic, our sensitivity study
is focusing on the climatic effects of afforestation in Europe under future climate
conditions based on the following research questions:

* Inwhichregions does the increase of forest cover enhance/reduce the projected
climate change?
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* How big are the effects of forest cover change on the summer precipitation and
temperature relative to the climate change signal?

*  Which are the regions, where afforestation is the most beneficial from a climatic
point of view?

On country scale, a more detailed case study has been carried out for Hungary. For
the end of the 21st century, regional climate model simulations project a significant
increase of summer temperature and a decrease of summer precipitation (Bartholy
et al., 2007; Galos et al., 2007). From ecological point of view Hungary (in the
southeastern part of central Europe) has been selected as study region because here,
many of the zonal tree species have their lower limit of distribution (Matyas et al.,
2009), which are especially sensitive and vulnerable to the increase of the frequency
of climatic extremes, primarily to droughts. In these forests the more frequent and
severe droughts at the end of the 20th century already resulted in growth decline, loss
of vitality and the decrease of the macroclimatically suitable area of distribution (Berki
et al., 2009). Under the projected climate conditions these species may disappear
from this region (Berki et al., 2009; Matyas et al., 2010; CzUcz et al., 2011). In the last
5o years, large scale afforestation was carried out in Hungary, which is planned to
continue also in the near future. The influence of the historical land cover change on
weather and climate has been investigated by Driszler et al. (2011). For the future,
forests can also have an important role in climate change mitigation. Therefore this
case study is concentrating on the possible mitigation of the strong warming and
drying of summers projected for the second half of the 21st century.

2 METHODS

Regional climate models have the potential to provide detailed information about
the future climate on fine horizontal resolution. For studying the climatic feedbacks
of land cover change in Europe regional scale analyses are essential because of the
differences in the climate sensitivity among regions and the large spatial variability of
the land surface properties and the related processes.
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2.1 Experimental setup

In this study the REgional climate MOdel (REMO) has been applied for Europe, with
horizontal resolution 0.22°. REMO (Jacob et al., 2007) is a regional three-dimensional
numerical model of the atmosphere. Land surface processes in REMO are controlled
by physical vegetation properties (like of leaf area index, fractional vegetation cover
for the growing and dormancy season, background albedo, surface roughness
length due to vegetation, forest ratio, plant-available soil water holding capacity and
volumetric wilting point; Hagemann et al., 1999; Hagemann, 2002; Rechid & Jacob,
2006; Rechid et al., 2008a, 2008b). Land cover change in REMO can be implemented

by modification of the characteristic land surface parameters.

Table 1. Analyzed data and time periods

Experiment

Reference simulation

Potential afforestation simulation

Characteristics

Present forest cover

Atforestation over all vegetated area?

Time period

1971-1990
2071-2090

2071-2090

Greenhouse gas forcing

IPCC-SRES emission scenario A2

Horizontal resolution

0.22°

Lateral boundaries

ECHAMS5/MPI-OMP

2 based on Kindermann (pers. comm.)
© Roeckner et al., 2006; Jungclaus et al., 2006

The following experiments have been performed (table 1):

e Reference simulation for the past (1971-1990) with present (unchanged) forest

cover.

e Emission scenario simulation for the future (2071-2090) with present
(unchanged) forest cover applying the A2 IPCC-SRES emission scenario

(Nakicenovic et al., 2000).

e Potential afforestation experiment for 2071-2090. The forest cover increase
(figure 1) is based on the net primary production map for Europe derived from
remotely sensed MODIS (Moderate-Resolution Imaging Spectroradiometer)
products, precipitation and temperature conditions from the Wordclim
database and soil conditions from the International Institute for Applied
Systems Analysis (Kindermann, pers. comm.). The new afforested areas were

assumed to be deciduous.
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Figure 1. Increase of the forest cover in the potential afforestation simulation compared to
the present (unchanged) forested area in the model (Gélos et al. 2012)

2.2 Main steps of the analyses

These analyses are focusing on the biogeophysical feedbacks of afforestation on the
climate. Simulation results have been analyzed for May, June, July and August. In
this study the mean of this period is considered ‘summer (MJJA), because in these
months water availability is especially important for the vegetation growth. The leaf
area index of the deciduous forests reaches its maximum, which has a strong control
on the land-atmosphere interactions.

* Climate change due to changes in emissions has been investigated analyzing the
summer precipitation sums and 2m-temperature means for 2071-2090 (without
any land cover changes) compared to 1971-1990.

e Climate changes due to potential afforestation has been calculated comparing
the simulation results with- and without forest cover increase for the future
time period (2071-2090).

e Climate changes due to emission change and potential afforestation have been
determined comparing the results of the potential afforestation experiment
(2071-2090) to the reference study in the past (1971-1990). The sign and the
magnitude climatic effects of potential afforestation have been analyzed
relative to the climate change signal.
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For more detailed analyses, a case study has been prepared for Hungary over a
smaller simulation domain, applying the same regional climate model and the same
steps for data analyses. To get information about the maximum climatic effects of
afforestation and its regional differences, the whole vegetated area of Hungary was
assumed to be forest and the new afforested areas are all deciduous. The assumed
maximal afforestation takes approximately 75 % increase of forest cover in country
mean additionally to the existing 20 % forested area (figure 2).
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Figure 2. Forest cover in Hungary in the reference simulation (a) and in the maximal
afforestation experiment (b). Increase of forest cover in the maximal afforestation
experiment compared to the reference (c). Adapted from: Gélos et al., 2011

3 RESULTS

Simulation results of the sensitivity studies can be summarized as follows:

3.1 Climate change signal due to emission change (figure 3a):

e Sign of the effects: For the A2 emission scenario, a positive temperature
signal is expected in whole Europe, which is projected to occur together with
precipitation decrease in southern and central Europe and in the southern part
of Scandinavia.

* Magnitude of the effects: The strongest warming and drying are projected for
the Mediterranean area, southern France and over the Iberian Peninsula.
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3.2

Climate change signal due to potential afforestation (figure 3b):

Sign of the effects: In most parts of the temperate zone the cooling and
moistening effect of afforestation dominates. Portugal, the Mediterranean
coasts and the southern part of the boreal zone show a shift into the warmer
and wetter direction. Warmer and dryer conditions over larger areas may occur
in the boreal region.

Magnitude of the effects: Afforestation has the largest climatic effects in the
northern part of central and western Europe, where the temperature decrease
due to afforestation may exceed 0.3 °C additionally to more than 10 % increase
of the summer precipitation sum.

dT>0anddP<0
W dT>0anddP>0
[l dT < 0and dP <0
W dT<0anddP>0

Figure 3. Climate change signal for temperature (dT) and precipitation (dP) due to emission

3.3

change (a) and due to potential afforestation (b). Adapted from: Galos et al., 2012

Climate change signal due to potential afforestation relative to

the emission change (figure 4):

Sign of the effects: In the largest part of the temperate zone precipitation and
temperature anomalies due to forest cover increase show the opposite sign
than due to emission change, which means that the climate change signal can
be reduced by afforestation. Whereas in Sweden, in Spain and in some regions
inthe eastern part of the continent afforestation can amplify the climate change
signal for both investigated variables.
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* Magnitude of the effects: The largest climate change mitigating effects of
afforestation can be expected in northern Germany, Poland and Ukraine, which
is 15-20 % of the climate change signal for temperature and more than 5o % for
precipitation. These changes are significant at the 9o % confidence level.

Figure 4. Climate change signal due to potential afforestation divided by the climate change

signal due to emission change for temperature (a) and precipitation (b). The reddish colours

are referring to the areas, where the changes of the analyzed climatic variables have the

same sign for both afforestation and emission change. Whereas in the regions marked with
bluish colours they show opposite sign. Adapted from: Galos et al., 2012

3.4 Case study for Hungary (figure 5):

* Sign of the effects: The projected climate change signal for precipitation can be
reduced assuming maximal afforestation.

* Magnitude of the effects: The strong warming and drying tendency projected
for Southwest Hungary could be hardly compensated by forest cover increase.
But in the northwestern region more than half of the projected climate change
signal for precipitation can be relieved with enhanced forest cover.
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