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Summary

Because of methodological restrictions, exact quantifications of the carbon sink strength
of fine root systems are not available for mature forests. However, for assessing the
effects of climate change on root-derived carbon fluxes to the soil, this knowledge is
urgently needed. In my thesis, | applied sequential soil coring and minirhizotron
observations to investigate the impacts of experimental summer drought and winter
frost on fine root dynamics of Norway spruce by replicated throughfall exclusion and
snow removal experiments in Southeast Germany. In addition, | estimated fine root
longevity distribution with root diameter, root C/N ratio and soil depth under natural
conditions using sequential soil coring, minirhizotrons and radiocarbon analyses as
three independent methods. | tested the hypotheses that (i) soil drought and soil frost
increase fine root mortality leading to a higher input of root-born organic matter into the
soil and that (ii) drought- and frost-induced fine root mortality is compensated by higher
rates of fine root production. Excluding throughfall for a period of six weeks reduced
average soil moisture from 20 to 12 vol. % in the upper mineral soil, while snow removal
induced soil frost with temperatures down to -5.5 °C in the organic layer. Sequential
coring showed that soil drought and frost increased fine root mortality in the organic
layer of the studied spruce stand by 61 and 29 %, respectively. However, enhanced fine
root production compensated for the root losses caused by water shortage and low
temperatures. Minirhizotron observations revealed that drought stress was mainly
restricted to the organic layer, while frost stress was similar in the organic layer and the
upper 25 cm of the mineral soil. We calculated that experimental soil drought and frost
led to additional carbon inputs to the soil of about 28 and 47 g m? Under natural
conditions, the carbon age of fine roots increased with depth from 5 years in the organic
layer to 13 years in 40-60 cm mineral soil. Similarly, the C/N ratios of fine root samples
were lowest in the organic layer and increased with depth. Roots > 0.5 mm in diameter
tended to live longer than roots < 0.5 mm in diameter. Furthermore, the results on mean
root longevity were strongly influenced by the method of investigation. Radiocarbon
analyses yielded with 5.4 years much higher estimates than sequential coring (0.9
years) and minirhizotron observations (0.7 years). | conclude that even periods of
relatively mild drought and frost have considerable potential to increase fine root
mortality and the associated input of root-derived carbon to the soil organic matter pool
in temperate Norway spruce forests. In addition, | propose that sequential coring and
minirhizotron observations are likely to underestimate fine root longevity, while

radiocarbon analyses may lead to overestimations.



Zusammenfassung

Feinwurzeln gelten als eine der bedeutendsten Senken im Kohlenstoffhaushalt von
Baumen. Eine genaue Quantifizierung der Bedeutung von Feinwurzelsystemen fir den
Kohlenstoffkreislauf in Waldern ist jedoch aufgrund methodischer Schwierigkeiten
bislang nicht mdglich. In der vorliegenden Dissertation wurden sequentielle
Bohrstockbeprobung und Minirhizotrone angewandt um die Auswirkungen von
experimenteller Sommertrockenheit und Winterfrost auf die Feinwurzeldynamik von
Picea abies im Fichtelgebirge zu untersuchen. Zusatzlich wurde die Lebensdauer von
Feinwurzeln in Abhangigkeit von Durchmesser, C/N-Verhaltnis und Bodentiefe unter
naturlichen Bedingungen durch sequentielle Bohrstockbeprobung, Minirhizotron- und
Radiocarbountersuchungen ermittelt. Es wurden die Hypothesen untersucht, dass (i)
Austrocknung und Frost die Feinwurzelmortalitdt erhéhen und dadurch den Eintrag von
organischem Material in die Rhizosphare vergroRern und dass (ii) der trockenheits-
beziehungsweise frostbedingte Feinwurzelverlust zu einem kompensatorischen
Feinwurzelwachstum nach Wiederbefeuchtung beziehungsweise Auftauen fiihrt. Der
Ausschluss von Regenwasser uUber eine Zeit von 6 Wochen verringerte die
Bodenfeuchte im oberen Mineralboden von 20 auf 12 Vol. % wahrend das Raumen von
Schnee zu Bodenfrost mit Temperaturen von bis zu -5.5 °C in der organischen Auflage
fuhrte. Die Ergebnisse der sequentiellen Bohrstockbeprobung zeigten, dass
Austrocknung und Frost die Feinwurzelmortalitdt in der organischen Auflage um 61
beziehungsweise 29 % erhdhten. Der trockenheits- beziehungsweise frostbedingte
Feinwurzelverlust wurde jedoch durch erhéhte Feinwurzelproduktion ausgeglichen. Die
Ergebnisse der Minirhizotronuntersuchungen deuten darauf hin, dass der Ausschluss
von Regenwasser lediglich die Feinwurzeldynamik in der Auflage beeinflusste, wahrend
das Schnee rdumen zusatzlich Mortalitdt und Produktion in den oberen 25 cm des
Mineralbodens erhdhte. Es wurde errechnet, dass Austrocknung und Frost den
Kohlenstoffeintrag in den Boden um 28 beziehungsweise 47 g m™ erhdhten. Unter
natlrlichen Bedingungen waren Kohlenstoffalter und C/N-Verhaltnis von Feinwurzeln
am geringsten in der organischen Auflage und stiegen mit zunehmender Tiefe an.
Feinwurzeln > 0.5 mm Durchmesser lebten langer als Feinwurzeln < 0.5 mm.
Aulerdem wurden die Ergebnisse der durchschnittlichen Lebensdauer stark von der
gewahlten Untersuchungsmethode beeinflusst. Die Werte der Radiocarbonanalysen
deuteten darauf hin, dass Feinwurzeln im untersuchten Fichtenbestand langer als 5
Jahre leben, wahrend sequentielle Bohrstockbeprobung und

Minirhizotronuntersuchungen zu deutlich kiirzere Lebensdauern (< 1 Jahr) fuhrten.
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Chapter 1

General introduction



Chapter 1

Climate change and its impacts on forest ecosystems

Historic records prove that there has often been considerable variation in the earths’
climate (O’Brian et al. 1995; Stager et al. 1997). However, severe changes similar to
those having occurred over the past century exceeded the natural climatic variability by
far (Free and Robock 1999; Levitus et al. 2001). Processes like the melting of glaciers,
the rising of sea levels and the reduction of snow cover in many polar regions have
never been observed to take place as fast as over the past 50 years (Haeberli and
Beniston 1998; IPCC 2007). On a global scale, temperature has risen on average by
approximately 0.7 °C during the last century (IPCC 2007).

The reasons for present climate change have been discussed for decades. Nowadays,
there is convincing evidence that global warming, as it has occurred during the past 50
years, is mainly caused by human activities (IPCC 2007). The emission of greenhouse
gases and aerosols combined with the destruction of forests are considered as the most
important anthropogenic impacts (Crowley 2000). While exact predictions of future
climate are uncertain, major computer models predict an average temperature increase
between 1.8 and 4.0 °C for the next century (IPCC 2007). Even if the emissions of
greenhouse gases are kept constant at year 2000 levels, global warming is expected to
continue over the next decades (IPCC 2007). As a consequence of the ongoing
temperature increase, the global hydrological cycle is also expected to experience
major changes. Meteorologists commonly predict increases in winter temperatures and
stronger and more frequent summer droughts for many regions of Central Europe
(Hulme and Sheard 1999; Johns et al. 2001; Christensen and Christensen 2003; Rowell
and Jones 2006). However, global warming in the frame of climate change might also
produce some rather unexpected effects. In that context, decreasing snow cover in
winter may result in stronger soil frost at higher latitudes and in mountainous regions
even though average winter air temperatures are increasing (Cooley 1990).

By fixing large amounts of carbon from the atmosphere through photosynthesis, trees
have considerable potential to mitigate the effects of climate change (Bonan 2008). On
a global scale, forest ecosystems are estimated to contain about 80 % of the
aboveground and 40 % of belowground terrestrial carbon (Dixon et al. 1994). However,
climatic changes are expected to alter forest productivity and species distribution in
future. Rising levels of CO, in the atmosphere, increased temperatures and changing
precipitation regimes are considered as the most relevant factors affecting forests and
their potential to sequester carbon from the atmosphere (Pastor and Post 1988;
Mooney et al. 1991).
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There is evidence that plants can grow faster and larger under conditions of elevated
CO. (Curtis and Wang 1998; Norby et al. 1999). Norby et al. (2005) estimated that the
net primary production in forests may increase by 23 %, as atmospheric CO; is
expected to increase from 375 to 550 ppm over the next decades. However, no
response or even a reduction in forest productivity under elevated CO, was predicted
for forests with inadequate water and nutrient supply (Pastor and Post 1988; Luo et al.
2004). Enhanced plant productivity due to rising CO; levels is expected to become
particularly relevant in tropical and temperate dry forests (Melillo et al. 1993). By
contrast, in northern and moist temperate forests, increasing net primary production
may reflect primarily the effects of climate warming. In that context, increasing
temperatures are predicted to enhance the availability of nitrogen (Melilo et al. 1993),
which is usually the limiting factor for plant growth in these ecosystems (Aber et al.
1989; Luo et al. 2004). Rising temperatures may also increase forest productivity at
higher latitudes by extending the length of the growing season (Cannell et al. 1998).

While elevated CO, concentrations and higher temperatures are likely to increase forest
productivity, other components of climate change might have contrary effects. Water
availability is a major limiting factor for plant growth in many forest ecosystems
(Stephenson 1990; Xiao and Moody 2004). In forest trees of Central Europe, moderate
drought stress has been mainly restricted to relatively short periods during summer until
now. However, in the frame of climate change, the frequency and severity of summer
drought events is expected to increase in future (Christensen and Christensen 2003;
Rowell and Jones 2006). Increasing photosynthesis and evapotranspiration rates, as
expected to occur under global warming in temperate regions may lead to an additional
reduction of soil moisture, and therefore intensify soil drought in Central European
forests (Hungate et al. 1997; Yang et al. 2003). However, it has been shown that plants
adapt to water deficiency by reducing transpiration or increasing leaf-specific hydraulic
conductivity (Tyree and Sperry 1988). Reduced carbon assimilation and respiration due
to soil drought may lead to a degradation of non-structural carbohydrate pools and limit
forest productivity (Parker and Patton 1975; Schulze et al. 1987). Drought may also
increase the susceptibility of trees to secondary stressors and forest fires (Stocks et al.
1998; Dale et al. 2001; Rouault et al. 2006). Furthermore, reduced soil moisture is
expected to cause major shifts in tree species composition, favouring those species
adapted to water shortage (Stephenson 1990). Norway spruce (Picea abies) is known
to be sensitive to drought. Investigating the exact effects of reduced soil moisture on
Norway spruce might be particularly relevant because this tree species is very important

for timber production.
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In many temperate forests of Europe, snow is an important regulator for biogeochemical
processes during winter (Jones 1999). Snow packs keep the soil temperature constant
and prevent soil frost (Marchand 1987). In addition, the melting of snow and ice
provides moisture for biological activity in the soil. A reduction in show cover associated
with global warming may increase the intensity and frequency of freeze/thaw events in
northern forests and therefore favour the occurence of “colder soils in a warmer world”
(Groffman et al. 2001; Matzner and Borken 2008). Frost is expected to increase the
mortality of soil microorganisms and fine roots (Christensen and Christensen 1991;
Clein and Schimel 1995; Tierney et al. 2001), which may lead to enhanced rates of
carbon and nitrogen mineralization after thawing because growth and activity of the
surviving microbes are stimulated by the input of substrate (Dérsch 2004). In addition,
soil freezing may contribute to acidification and nitrogen loss in forest ecosystems. In
Canada, for example, canopy decline and decreased leaf areas in sugar maple trees
were linked to elevated abscisic acid concentrations in xylem sap after extreme soil
frost (Bertrand et al. 1994).

The importance of fine roots for terrestrial carbon cycling

Fine roots (often characterized as roots < 2 mm in diameter) do not only represent a
pathway for water and nutrient uptake by plants, but they also play an important role in
ecosystem carbon cycling (Schlesinger 1997). Fine root growth and maintenance
requires a considerable amount of carbon, which is transferred to the soil after root
death (Raich and Nadelhoffer 1989). Together with aboveground litter fall, root
production provides the primary input of organic carbon to soils. In certain areas, root
death may even contribute more carbon to forest soils than aboveground litter fall
(Ruess et al. 2003). In addition, carbon derived from roots persists longer in the soil
compared to leaf and shoot-derived carbon (Rasse et al. 2005). Due to these reasons,
fine roots are increasingly recognized as a prominent sink for carbon acquired through
terrestrial net primary production (Nadelhoffer and Raich 1992).

The importance of root systems for carbon cycling depends crucially on fine root
longevity. Jackson et al. (1997) estimated that fine root growth may consume about 30
% of the carbon fixed by the canopy if fine roots live for one year on average. In
accordance, Gill and Jackson (2000) analysed the results of 59 studies and found that
estimated fine root longevity ranged from 5 months to 2 years. However, these studies

were mainly based on traditional methods like soil coring and minirhizotron
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observations, which are considered to underestimate root longevity. Recently, isotopic
approaches (**C and 'C) have increasingly been used as an alternative to measure
fine root longevity directly from plant tissue (Gaudinski et al. 2001; Matamala et al.
2003; Joslin et al. 2006). Longevity estimates in the order of several years, as they are
typically obtained by isotope-based studies have led to doubts about the enormous
potential of fine roots for C sequestration (Guo et al. 2008; Strand et al. 2008). Because
the importance of reliable data on fine root longevity for quantifying carbon fluxes in
forests is increasingly recognized, an intensive discussion on the efficacy of different
methods has recently developed. Nowadays, it is mainly accepted that all of the current
methods have major shortcomings and that actual fine root longevity ranges between
the results obtained from traditional approaches like soil coring and minirhizotron

observations (~1 year) and those from isotopic approaches (~5 years).

Effects of drought and frost on fine roots

Fine roots of trees are not only important sources of carbon and nutrients for the
rhizosphere biota, but they can also serve as sensitive indicators of environmental
change. In many cases, fine roots respond more sensitively to changes in soil moisture,
soil acidity, and temperature than the canopy. In addition, fine roots may mitigate the
effects of climate change because they represent a potential sink for anthropogenic
emissions of carbon dioxide. However, our understanding of belowground carbon
transfer processes is still limited especially with respect to the dependency of root
dynamics on abiotic stress such as drought and frost. This knowledge is urgently
needed because carbon storage and fluxes are of major importance regarding the
effects of increasing drought intensities, changed winter precipitation regimes,
eutrophication, soil acidification, and other environmental changes taking place or
expected to do so in the near future (Davidson et al. 2002; Guo et al. 2005; Lal 2005).
Changes in fine root dynamics could affect either directly or indirectly plant growth, tree
vigor and carbon sequestration. It is therefore essential to improve our knowledge of
drought and frost effects on fine root turnover and the related carbon fluxes in soils.

Bloomfield et al. (1996) conclude from a literature review that fine root longevity
decreases with a decrease in soil moisture, indicating a more rapid root turnover upon
drought. Meier and Leuschner (2008) also found that Fagus sylvatica fine roots had a
shorter longevity when exposed to drought. In contrast, Lauenroth and Gill (2003)

conclude from a meta-analysis that fine root turnover in forests is not related to
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precipitation or water availability. Thus, the dependency on water availability of fine root
biomass and dynamics is not fully understood in forest ecosystems. Mainero and Kazda
(2006) studied fine root production and mortality of European beech within the dry year
2003. According to their results, root formation was influenced by both, soil temperature
and soil water content. In Norway spruce, fine root growth was found to decrease during
a severe drought (Blanck et al. 1995). In addition, Persson et al. (1995) and Davies and
Bacon (2003) reported a shift downward in spruce fine root biomass as a consequence
of water shortage. In a meta-analysis of fine root biomass data of spruce in Central
Europe, Leuschner and Hertel (2003) found a general decrease in stand fine root
biomass towards sites with lower rainfall. However, comprehensive data on the
responses of the root systems of spruce and other temperate tree species to drought
under precisely defined soil moisture conditions are scarce.

Snow covers prevent soil from freezing and assure relatively constant soil temperatures
in many temperate and boreal forests (Stadler et al. 1996). As a consequence, fine root
mortality is lowest during winter in these ecosystems (Hendrick and Pregitzer 1992;
Fahey and Hughes 1994). Most research concerning frost effects on fine root growth
and physiology has been conducted with potted Picea and Pinus tree seedlings that
were exposed to cold treatments of limited duration. In these studies, optimum
temperature for root growth was shown to be lower than for shoot growth although roots
were much less cold tolerant than needles, shoots and the stem cambium (Lindstrom
1986; Bigras and Dumois 2005). Up to now, information on the response of the root
systems of mature trees to soil frost is scarce. Tierney et al. (2001) found that fine root
mortality and turnover were accelerated by experimentally enhanced frost in a
temperate deciduous forest of North America resulting in considerable excess fluxes of
carbon and nitrogen to the soil. Boutin and Robitaille (1995) removed snow in a sugar
maple stand and suggested that fine root mortality due to soil frost may have led to
canopy dieback and elevated loss of nutrients from the system. In agreement, Groffman
et al. (2001) conclude that elevated fine root mortality during freezing may substantially

alter biogeochemical processes in the soil after thawing.
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Study site

The study described in this thesis was conducted in an old-growth Norway spruce
(Picea abies (L.) Karst.) forest in the Fichtelgebirge mountains in Southeast Germany
(Figure 1). The forest is located at 770 m a.s.l.; annual precipitation is 1160 mm and

average annual air temperature is 5.3 °C (Foken 2003).
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Figure 1: Overview of the study area in the Fichtelgebirge mountains. The arrow points
to the study site.

The pure spruce forest consists of 140-yr-old trees with a dense canopy cover and a
mean tree height of approximately 30 m. The basal area is 45 m? ha” and the stem
density is approximately 350 ha™”. The patchy ground vegetation is dominated by the
grass species Deschampsia flexuosa (L.) and Calamagrostis villosa (Chaix). The soil is
derived from granite and is classified as Albic Rustic Podsol (FAO, 2006). The texture of
the acidic soil is sandy to loamy with pH-values (H,O) ranging between 4.0 in the Oa
horizon and 4.5 in the Bw horizon (Hentschel et al. 2007). The thick organic layer (Oi,
Oe, Oa) comprises approximately 10 cm. The base saturation is highest in the Oa
horizon with 54 % and decreased to 12-16 % in the subsoil (Hentschel et al. 2007). The
stand, however, was not directly limed, but might have received an unknown dose of
dolomite in 1994 and 1999, when surrounding stands were limed. Carbonate was

analytically not detectable in the top soil. The carbon and nitrogen contents of the soil
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decrease with depth from 18 % C and 1 % N in the Oa horizon to 0.4 % C and < 0.05 %
N in the BW horizon (Hentschel et al. 2007).

Experimental design

In order to investigate the effects of drought and frost on fine root dynamics and carbon
fluxes in the studied spruce stand, nine research plots of approximately 20 m x 20 m
were selected, representing three treatments (throughfall exclusion, snow removal,
control) in triple replication. For every plot, one transect of about 13 m x 1 m was
demarcated to monitor fine root dynamics.

Summer drought was simulated using three roofs of about 3 m height to exclude
throughfall from the complete area of the treatment plots during summer 2006.
Rainwater falling on the roofs during this period was channeled through rain gutters and
water pipes before it could soak into the ground outside the plots. After about 70 mm of
rainfall had been excluded from the treatment plots, the roof panels were removed to
allow for rewetting of the soil by normal throughfall. In addition, artificial rewetting with
67 mm of water for a period of two days immediately after the end of the soil drought
period guaranteed that the total annual water input was similar at the throughfall
exclusion and control plots.

Soil frost was induced by manual snow removal during winter 2005/2006. In order to
avoid the removal of forest floor by shoveling, the soil was protected by grid frames at
the treatment plots. In addition, the root transects were covered by rooflets of about 50
cm height to prevent minirhizotron tubes and other installations from being damaged.
After the end of the treatment, snow was allowed to accumulate at all plots until natural
melting in spring. Soil temperatures in the forest floor were monitored by temperature
data loggers during the complete study.

In addition, fine root longevity with root diameter, root C/N ratio and soil depth was
investigated at the control plots using three different methods (sequential soil coring,

minirhizotron observations and radiocarbon analyses).
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Study objectives and hypothesis

This study was conducted in the framework of the Research Group 562 “Soil processes
under extreme meteorological conditions” of the German Research Foundation (DFG).
The interdisciplinary research group comprised soil scientists, hydrologists,
microbiologists and plant ecologists from the universities of Bayreuth, Jena and
Gottingen. The major aim of the project was to investigate the consequences of
extreme meteorological boundary conditions for element turnover in forest and fen soils.
As a member of the research group, | focused on fine roots and their response to

experimentally induced drought and frost.

The aims of my work were:
(1) to investigate the effects of experimental soil drought and soil frost on fine root
dynamics in a mature forest
(2) to assess the impact of drought and frost induced root mortality on carbon and
nitrogen fluxes in the soil

(3) to identify the potential of different methods for estimating fine root longevity

| tested the hypotheses that (i) soil drought and soil frost increase fine root mortality,
leading to a higher input of root-born organic matter into the soil and that (ii) drought
and frost induced fine root mortality is compensated by higher rates of fine root
production, thereby increasing the carbon sink strength of the root system due to a

higher fine root turnover.
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Summary

Norway spruce (Picea abies (L.) Karst.) is an economically important, but relatively
drought-sensitive tree species that might suffer from increasing drought intensities and
frequencies, which are predicted to occur in parts of central Europe under future
climatic change. In a throughfall exclusion experiment using sub-canopy roofs, we
tested the hypothesis that enhanced drought leads to an increase in fine root mortality,
and also to a higher, subsequent fine root growth. Fine root production and mortality
were assessed using two independent approaches, sequential soil coring (organic
layer) and direct observations in minirhizotrons (organic layer plus upper mineral soil).
Six weeks of throughfall exclusion resulted in mild drought stress, i.e. a reduction in
average soil moisture from 20 to 12 vol. % during the treatment. Based on the
sequential coring data, experimental drought did not result in significant changes in fine
root biomass during the 6-wk treatment period, but caused an increase in fine root
mortality by 61 % in the 6 weeks following the drought treatment. Remarkably, fine root
production showed a synchronous increase in this period, which more than
compensated for the loss due to increased mortality. The minirhizotron data confirmed
that the drought treatment increased fine root loss in the organic layer. Based on this
method, however, root loss occurred during the drought period and was not
compensated by increased root production. The mild drought stress was mainly
restricted to the organic layer and did not significantly influence fine root dynamics in
the mineral soil. We calculated that the drought event resulted in an extra input of about
28 g C m?and 1.1 g N m? to the soil due to increased fine root mortality. We conclude
that even periods of mild drought significantly increase fine root mortality and the
associated input of root-derived C to the soil organic matter pool in temperate Norway

spruce forests.

Key words: decomposition, fine root mortality, minirhizotrons, production, soil coring,

throughfall exclusion
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Introduction

Fine roots play an important role in global carbon cycling because they are short-lived
organs characterised by rapid turnover (Hendrick and Pregitzer, 1993; Gill and Jackson,
2000). Assuming that fine root longevity is one year, fine root production may constitute
about 30 % of the global net primary production (Jackson et al., 1997). Together with
aboveground litter fall and the turnover of mycorrhizal hyphae, root production and
mortality represent an important path of organic carbon input to soils. Thus, soil organic
matter and root dynamics are tightly linked (Guo et al., 2005; Rasse et al., 2005).
However, our understanding of below-ground C transfer processes is still limited
especially with respect to the regulation of root dynamics by abiotic stressors such as
drought. This knowledge will become increasingly important since current scenarios of
global climate change predict an increase in frequency and intensity of drought periods
for various regions of the world (Rowell and Jones, 2006; IPCC, 2007). In Central
Europe, a significant increase in the duration of summer drought periods is expected to
take place in particular in the more continental regions (Hulme and Sheard, 1999;
Christensen and Christensen, 2003). Drought-induced changes in fine root dynamics
may affect tree growth and vitality. Altered growth dynamics could also affect carbon
sequestration in forests. A deeper understanding of the drought tolerance of the fine
root system of the main tree species is urgently needed.

Many reports on drought-induced dieback of fine roots in temperate and also tropical
forests exist (e.g. Srivastava et al., 1986; Kummerov et al., 1990; Leuschner et al.,
2001; Davies and Bacon, 2003). In one of the few throughfall exclusion experiments in
temperate forests, Joslin and Wolfe (2003) found a reduction in fine root biomass and a
displacement of root biomass to greater soil depth. On the other hand, a limited number
of studies suggest that root growth can actually be increased by soil drying (e.g. Sharp
and Davies, 1979). Bloomfield et al. (1996) conclude from a literature review that fine
root longevity decreases with a decrease in soil moisture, indicating a more rapid root
turnover upon drought. Meier and Leuschner (2008) found that fine roots of European
beech (Fagus sylvatica L.) had a shorter longevity when exposed to drought. In
contrast, Lauenroth and Gill (2003) conclude from a meta-analysis that fine root
turnover in forests is not related to precipitation or water availability. Drought may also
stimulate fine root growth in a wet period following a period of water shortage due to
accumulation of non-structural carbohydrates in the roots during the drought
(Kavanaugh and Kellman, 1992). In fact, a comparison of mature Douglas fir

(Pseudotsuga mentziesii) stands differing in water supply revealed an increase in fine
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root turnover at sites exposed to frequent droughts (Santantonio and Hermann, 1985).
Thus, the effects of water availability on fine root dynamics is not fully understood in
forest ecosystems.

Norway spruce (Picea abies (L.) Karst.) is one of the economically most important tree
species in Central Europe. It has been shown for this species that seasonal drought
leads to a marked reduction in stem growth (Blanck et al., 1995; Spiecker, 1995; Alavi,
1996). However, the number of studies focussing on the drought sensitivity of the fine
root system of Norway spruce is much smaller and data on the response of the root
system of Norway spruce or other temperate tree species to drought under precisely
defined soil moisture conditions is not sufficient to draw firm conclusions.

Nowadays, a number of independent methods is available for estimating growth,
mortality and turnover of fine roots in forest soils including the direct observation of root
growth and death in minirhizotrons, indirect mass-related techniques of estimating fine
root turnover such as sequential root coring with “minimum-maximum” or
"compartmental flow" calculation approaches, and experimental setups including
ingrowth cores and root-growth chambers (Powell and Day, 1991; Hendrick and
Pregitzer, 1992; 1993; Majdi, 1996; Hertel and Leuschner, 2006). All of these
techniques have their advantages and shortcomings, and they may serve different
purposes in fine root research (e.g. Hertel and Leuschner, 2002; Hendricks et al.,
2006).

We conducted a replicated throughfall exclusion experiment to investigate the effects of
mild drought on the fine root system of a mature Norway spruce stand. We employed
two independent methods (sequential coring and minirhizotron observations) to monitor
fine root dynamics over time. Using these methods in a combination, does not only
allow us to determine the timing of root birth and death events, but also to estimate the
total mass of fine roots turned over during the study period and, thus, to establish a
quantitative link between fine root dynamics and biogeochemical fluxes in the soil.

Our aim was to test the hypotheses that (i) an increase in soil drought leads to higher
fine root mortality and thereby increases the carbon input to the soil and that (ii)
drought-induced mortality of fine roots is at least partly compensated by increased fine

root production.
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Materials and methods

Study site and experimental design

The study was conducted in an old-growth Norway spruce forest in the Fichtelgebirge
mountains in Southeast Germany (50°08'N, 11°52’E). The forest is located at 770 m
a.s.l.; average annual precipitation is 1160 mm and average annual air temperature is
5.3 °C (Foken, 2003). The pure spruce forest consists of 140-yr-old trees with a dense
canopy cover and a mean tree height of approximately 30 m. The patchy ground
vegetation is dominated by the grass species Deschampsia flexuosa (L.) and
Calamagrostis villosa (Chaix). Additional information about the aboveground vegetation

structure of the research plots is given in Table 1.

Table 1: Characterization of the aboveground vegetation structure for the six research plots at
the study site.

Throughfall exclusion Control
TE 1 TE2 TE3 C1 Cc2 Cc3

Plot size (m?) 406 387 380 308 342 392
Number of trees 14 11 9 6 12 17
Stem density (ha™) 345 284 237 195 351 433
Basal area (m? ha™) 43 45 32 30 45 58

The soil is classified as Haplic Podsol (/USS 2006) with silty loam in the uppermost soil
and loamy sand beneath. The pH (H20) ranges between 4.0 in the Oa horizon and 4.5
in the Bw horizon (Hentschel et al., 2007). The thickness of the mor-like organic layer
varies between 5 and 17 cm and averages at about 10 cm. It is comprised of the Oi, Oe
and Oa horizons.

In order to investigate the impacts of experimentally induced soil drought on fine root
dynamics of spruce trees, six research plots of about 20 m x 20 m each were
established, of which three were chosen for a throughfall exclusion treatment and three
as control plots. Three wooden roof structures of about 3 m height were covered with
translucent plastic panels to simulate periods of enhanced summer drought by
excluding throughfall from the complete area of the treatment plots between June 22™
and August 8", 2006. Rainwater falling on the roofs during this period was channeled
through rain gutters and water pipes over a distance of about 35 m before it could soak
into the ground outside the plots. After about 70 mm of rainfall had been excluded from

the treatment plots in early August, the roof panels were removed to allow for rewetting
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of the soil by normal throughfall. In addition, artificial rewetting with 67 mm of water for a
period of two days immediately after the end of the drought period guaranteed that the
total annual water input was similar at the throughfall exclusion and control plots.

The soil moisture tension was monitored by two tensiometers per study plot and soil
depth. At 20 cm mineral soil depth, the soil water matric potential was significantly lower
in the throughfall exclusion plots than in the control plots during the period of
experimentally induced drought (Figure 1). After rewetting, these differences
disappeared within 24 hours. At 40 cm and 90 cm mineral soil depth, the soil water
matric potential was similar for both plot types during the complete measuring period
(data not shown). Mean daily soil temperature in the organic layer at 6 cm depth
measured by four temperature data loggers (DS 1921 Thermochron iButtons, Fa. Dallas
Semiconductor, USA) per plot was similar in treatment and control plots during the

complete study period (Figure 1).

-1200 — Soil matric potential TE =~ - Temperature TE |- 25
—--= Soil matric potential C Temperature C
-1000+ Drought period —-20
-800 3

Soil temperature (°C)

Soil matric potential (hPa)

Oct

Figure 1: Soil matric potential (bold lines) in 20 cm soil depth and soil temperature (thin lines)
in the organic layer for throughfall exclusion (TE, full line) and control plots (C, dotted line)
from mid May until the end of October 2006. The period of experimental drought is marked in

grey.

Fine root inventory

In summer 2005, an inventory of mass and vertical distribution of the fine root (d < 2
mm) system was carried out in all six study plots to examine site comparability. In the
center of every plot, a transect of 13 m length and 1 m width was randomly chosen for
all fine root studies. Samples were taken with a soil corer (3.5 cm in diameter) from the
organic layer and the upper 40 cm of the 40-80 cm deep mineral soil at 12 randomly
selected locations along each transect. The sampling locations were at least 50 cm

apart to avoid interference between the coring locations. After transferring the root
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samples to plastic bags, they were transported to the laboratory where they were stored
at 4 °C and processed within five weeks. In the laboratory, the samples were washed
with water in a sieve (0.25 mm mesh size) to remove soil particles. Under a
stereomicroscope, large roots (> 1 cm in length) were sorted into living (biomass) and
dead (necromass) fractions based on their color, elasticity and degree of cohesion of
cortex, periderm and stele (Persson, 1978; Leuschner et al., 2001). While this analysis
covers the vast majority of fine root biomass, large amounts of small dead rootlets are
not considered. In order to include also roots < 1 cm in length, half of the samples were
examined additionally by a more detailed procedure according to Hertel and Leuschner
(2004). The results were then extrapolated to estimate the biomass and necromass of
fine roots < 1 cm in length for the remaining samples. Fine root biomass and necromass
of each sample was dried at 70 °C for 48 h and weighed. The data were expressed as
fine root abundance (g m?).

In addition, fine root biomass samples from the organic layer were ground and analyzed

for carbon and nitrogen content using a CNH auto-analyzer.

Fine root dynamics

Fine root dynamics were monitored in the organic layer (sequential coring and
minirhizotron observations) and the upper ca. 25 cm of the mineral soil (minirhizotron
observations). We randomly selected 20 sampling locations in each of the six root
transects to monitor changes in fine root biomass and necromass over time using the
sequential coring method (Persson, 1978; McClaugherty et al., 1982). Soil cores from
all plots were collected in the same way as described above at the beginning and the
end of throughfall exclusion (June 22" and August 8", 2006) as well as six weeks after
rewetting (September 22", 2006). Additionally, we took samples at the end of the study
(December 9™, 2006) to cope with the problem of delayed visual appearance of root
death. The four consecutive samples of a given coring location were taken at a distance
of 30 cm to each other. Production and mortality were calculated based on changes in
fine root biomass and necromass between sampling dates using the balancing transfer
method (Fairley and Alexander, 1985). We classified the interval between the first and
the second sampling date as drought period, the interval between the second and the
third sampling date as post-drought period and the interval between the third and the
last sampling date as follow-up period. Fine root turnover is usually calculated by
relating root production during a certain period of time to fine root biomass (Aber et al.,

1985; Aerts et al., 1992). In our study, however, we expected to observe an impact of
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drought on fine root mortality first, followed by compensatory fine root production at a
later stage. Therefore, we estimated fine root turnover by dividing fine root mortality
during both the 6-wk-period of experimental drought and the subsequent 6-wk post-
drought period by the mean standing fine root biomass during this period (Nadelhoffer,
2000).

The minirhizotron technique was used for observing fine root growth and disappearance
directly at the surface of transparent plastic tubes. In June 2005, eight minirhizotron
tubes (67 cm long x 7.0 cm wide) per plot were installed at randomly selected locations
along each transect. The tubes were positioned vertically to the soil surface to obtain
accurate intersections with the mainly horizontally orientated root system of Norway
spruce (Majdi et al., 2000). To ensure that the tubes were in tight contact with the sail,
holes were made with a soil corer of the same outer diameter as the minirhizotrons. The
tubes were closed by removable plastic caps at the top and sealed at the bottom to
avoid the entrance of water. The aboveground parts of the minirhizotron tubes were
covered with tape to prevent the penetration of sunlight. Between June and September
2006, images of the fine root system in proximity to the tubes were taken on five dates
(June 22" July 13", August 6", September 5", September 22") with a root scanner
system (CI-600 Root Growth Monitoring System, CID, USA). The colored images with a
resolution of 200 dpi were collected for almost the entire belowground tube surface
(345°) in the organic layer and the upper ca. 25 cm of the mineral soil, which is
equivalent to a total surface area of 735 cm? per tube.

Continuous sections covering the complete length and approximately 35 % of the width
of these pictures (i.e. a total surface area of 257 cm? per tube and date) were randomly
chosen and analyzed with the software WinRhizo Tron (Régent, Quebec, Canada) to
monitor changes in fine root length over time. Due to the inherent difficulties of
distinguishing between live and dead roots on minirhizotron images (Tingey et al.,
2000), we refrained from this division and fine roots (< 2 mm in diameter) were only
divided into present and gone. In accordance with the classification adapted in the
sequential coring study, we termed the interval between the first and the third image
collection as drought period, the interval between the third and the fourth image
collection as post-drought period #1 and the interval between the fourth and the last
image collection as post drought period #2. By comparing the length of visible and
disappeared fine roots of current and previous images, total root production and root
loss were calculated (Majdi, 1996). Relative loss or production was calculated as the
ratio between total fine root loss or production during a given period and the standing

root length at the beginning of this period (Hendricks et al., 2006). Fine root turnover
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was calculated by relating the total length of fine roots, which disappeared between the
first and the last date of image collection, to the mean standing fine root length during
this period (Nadelhoffer, 2000).

Fine root decomposition

In order to investigate the impact of experimental drought on fine root decomposition,
we conducted a root litterbag experiment. On September 8", 2005, soil cores of the
organic layer were collected in proximity to the research plots, transferred to plastic
bags and transported to the laboratory, where they were stored at 4 °C. The fine root
material was separated from soil residues using a sieve of 0.5 cm in mesh size. Then,
58 polyethylene litterbags (5 cm x 5 cm; 0.15 mm mesh-size) were filled with each 3.5 g
(wet mass) of mixed living and dead fine root material. Six days after collecting the soil
cores (on September 14", 2005), 8 root litterbags per plot were exposed at about 5 cm
below the organic layer surface in the throughfall exclusion and control plots. On
September 10" and December 9", 2006, four litterbags per plot and date were re-
collected after being exposed to the soil for 360 and 450 days, respectively. After they
were dried at 70 °C for 48 hours, the root material was taken out of the litterbags,
weighed and the mass loss calculated.

The remaining litterbags (n = 10) were dried at 70 °C for 48 hours directly after they had
been filled, the root material was taken out of the litterbags and also weighed. The
mean ratio between wet and dry fine root mass of these litterbags was used as a wet

mass to dry mass conversion factor for the remaining samples.

Statistical analysis

According to the Shapiro-Wilk test, all data sets except for fine root decomposition were
not normally distributed. Even after log or root transformation, most data sets were still
skewed. Therefore we used non-parametric Mann-Whitney two-sample tests with a
rejection level of 5 % to detect significant differences in standing stock, (relative)
production and (relative) mortality of fine roots between the treatment and control plots
and between different dates. ANOVA followed by a Scheffé f-test were used to compare
the normally-distributed data on fine root decomposition between treatment and control
at a 5 % rejection level. All calculations were conducted with the software package
SAS, version 8.2 (SAS Institute, Cary, NC, USA).
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Results

Inventory of fine root biomass and necromass

Nine months before the onset of the throughfall exclusion experiment, soil coring did not
reveal any significant differences in fine root biomass and necromass between the
treatment and control plots (data not shown). Fine root biomass totals of 382 + 29 g m?
and 439 + 40 g m? (organic layer plus upper 40 cm of mineral soil) were measured in
the treatment and control plots, respectively. Fine root biomass was very similar in the
organic layer of treatment and control plots (189 + 15 g m? and 179 + 19 g m?) but
tended to be higher by 35 % in the mineral soil of the control plots compared to the
treatment plots. Similarly, fine root necromass values were comparable in the organic
layers of the treatment and control plots (231 + 19 g m? and 226 + 16 g m?), and
slightly higher in the mineral soil of the control plots (324 + 20 g m™) compared to the
treatment plots (291 + 29 g m?; data not shown).

In both plot types, fine root biomass density was highest in the organic layer and
decreased exponentially with depth (Figure 2). This is reflected by the relatively low
values (0.93-0.94) of the fine root biomass depth function y = 1 — B* according to Gale
and Grigal (1987), where y represents the cumulative portion of standing fine root

biomass in the respective soil depth d.
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Figure 2: Cumulative vertical fine root biomass distribution up to 50 cm soil depth. Throughfall
exclusion and control plots were investigated by soil coring approximately nine months before
the application of experimental drought. The steepness of the fine root biomass decrease with
depth is expressed by the B-value of the regression equation y = 1 - B¢ (see Gale and Grigal,
1987), with y = cumulative fine root biomass fraction in g m” and d = soil depth in cm. Note that
the upper 10 cm of the soil profile represent the organic layer.
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The mean C/N ratio of the root biomass samples was 24 + 0.5 in the organic layer and
the carbon and nitrogen concentrations of the living roots were 46 % and 1.9 %,
respectively, with no significant differences between the treatment and control plots

(data not shown).

Dynamics of living and dead fine roots (sequential coring data)

At the beginning of experimental drought, fine root biomass was very similar in the
treatment and control plots (182 g m™ versus 179 g m; Figure 3 A). Towards the end of
the experimental drought, fine root biomass remained stable in the treatment plots but
decreased by 33 % in the control plots. After rewetting, fine root biomass significantly
increased again in the treatment and control plots and the differences in fine root
biomass between both plot types decreased slightly with time (48 % at the end of the
treatment; 32 % six weeks after rewetting and 26 % four months after rewetting).
However, even on the last sampling date in December 2006, fine root biomass was still

significantly higher in the throughfall exclusion compared to the control plots.
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Figure 3: Fine root biomass (A) and necromass (B) in the organic layer of throughfall exclusion
and control plots (mean + SE) as investigated by sequential coring. Samples were collected at the
beginning and at the end of the experimental drought (June 22" and August 8"), 6 weeks after
rewetting (September 22"%) and 17 weeks after rewetting (December 9™). Different Latin letters
indicate significant differences (p < 0.05) between the treatments at a given date, different Greek
letters those between different dates for a given treatment.

The impact of experimental drought on fine root necromass was similar but even more
pronounced. During the drought period, fine root necromass in the throughfall exclusion
and control plots decreased by 22 % and 53 %, respectively (Figure 3 B). As a result,
fine root necromass was significantly higher (by 82 %) in the throughfall exclusion plots

compared to the controls. Six weeks after rewetting, dead root mass was found to be
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still significantly higher in both plot types. At the end of the year, fine root necromass
reached similar size in the throughfall exclusion and control plots.

As a consequence of the observed changes in fine root biomass and necromass, fine
root mortality was similar for both plot types during the experimental drought, but
significantly higher during the post-drought period in the treatment than in the control
plots (106 vs. 66 g m? mo™; Figure 4 A). In the follow-up period from September until
December 2006, the fine root mortality rate decreased again in both plot types and
approached values as observed during the previous drought period; the difference
between treatment and control plots disappeared.

Similar to fine root mortality, root production rates were highest in both treatments
during the post-drought period (Figure 4 B). However, during the drought period, fine
root production was significantly increased by a factor of four in the treatment plots
compared to the control plots. Fine root production tended also to be higher (by 39 %)

in the throughfall exclusion plots compared to the control plots during the post-drought

period.
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Figure 4: Fine root mortality (A) and production (B) at throughfall exclusion and control plots
(mean + SE) investigated by sequential soil coring during the drought period (June 22™ to
August 8™), post-drought period (August 8" to September 22" and follow-up period (September
22" to December 9™) in 2006. Different Latin letters indicate significant differences (p < 0.05)
between the treatments for a given measuring period, different Greek letters those between
different periods for a given treatment.

Changes in fine root length (minirhizotron data)

Minirhizotron observations revealed that root length density in the organic layer was
roughly similar in both throughfall exclusion and control plots throughout the entire study
period (Figure 5). In the throughfall exclusion plots, fine root length remained almost

constant during the drought period, while it increased in the same time by 25 % in the
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control plots. In the post-drought period from the beginning of August until the end of
September, this difference in fine root length increase between the two plot types
disappeared.

In the upper mineral soil, fine root length density was approximately 70 % lower than in
the organic layer showing very similar values for throughfall exclusion and control plots
on all sampling dates. In both depths, fine root length density increased continuously
with time indicating that the root system in proximity of the minirhizotron tubes had not
reached a steady state even though more than one year had passed since tube

installation.

Fine root length (mm cm2)
N
|
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1 -
C min
O I I I
Jun Jul Aug Sep

Figure 5: Fine root length density (mean = SE) as observed by minirhizotron observations in the
organic layer (org, filled) and the upper 25 cm of the mineral soil (min, open symbols) of the
throughfall exclusion (TE, circles) and control (C, triangles) plots between June and September
2006. The period of experimental drought is marked in grey.

According to the minirhizotron data, a significant impact of experimental drought on fine
root dynamics only existed in the organic layer, where the relative fine root loss was
twice as high in the throughfall exclusion as in the control plots during the drought
period (Figure 6). In contrast, relative fine root production tended to be higher in the
organic layer of the control plots compared with the throughfall exclusion plots during
the drought period and at the beginning of the post-drought period.

In the upper mineral soil, relative fine root loss was similar during the drought period but
tended to be higher (by 160 %) in the control than in throughfall exclusion plots at the
beginning of the post-drought period (Figure 6). Towards the end of the post-drought
period, this trend was reversed and fine root loss tended to be higher (by about 110 %)
in the throughfall exclusion than in the control plots. However, due to the large variation
in our dataset for the mineral soil, these differences were not significant.

In both depths, fine root production was higher than fine root loss by a factor of more

than 3 during the complete study.
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Figure 6: Relative loss (left) and production (right) of fine root length (mean + SE) in the
organic layer (org) and the upper 25 cm of the mineral soil (min) in the throughfall exclusion and
control plots as calculated from minirhizotron data for the drought period (June 22™ to August
8™, the post-drought period #1 (August 8" to September 5™) and the post-drought period #2
(September 5™ to September 22™). Relative loss and production were calculated from the length
of disappearing fine roots (loss) or disappearing fine roots plus fine root length increment
(production) during one period in relation to the standing stock of fine roots visible at the
beginning of the period. Different Latin letters indicate significant differences (p < 0.05)
between the treatments for one period, different Greek letters those between different periods for
a given treatment. Note different scales for relative loss and production.

Fine root turnover

Monitoring fine root dynamics by sequential soil coring and minirhizotron image analysis
allowed us to estimate fine root turnover in the organic layer of the studied spruce stand
using two independent methods. Fine root turnover as calculated from the sequential
coring data during the 6-wk-period of experimental drought plus the subsequent 6
weeks after rewetting was 0.45 mo™ in the throughfall exclusion plots and 0.41 mo™ in
the control plots (data not shown). In contrast, turnover rates for the same period of time
based on minirhizotron data were substantially lower in both throughfall exclusion and

control plots (0.063 mo™ and 0.054 mo™; data not shown). However, in accordance with
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the results from sequential coring, fine root turnover calculated from minirhizotron data

tended to be higher in the throughfall exclusion plots compared with the control plots.

Fine root decomposition

Our calibration showed that 3.5 g wet root mass was equivalent to 0.86 + 0.02 g dry
root mass (data not shown). Hence, we calculated a wet mass to dry mass conversion
factor of 0.25.

Recollecting the litterbags one month after rewetting showed that fine root
decomposition during a period of 360 days was 26 % and 21 % in throughfall exclusion
and control plots, respectively (Figure 7). Assuming that root mass loss was similar in
treatment and control plots prior to the onset of the experiment, our litterbag experiment
showed that experimental drought must have led to a significant reduction in fine root
decomposition. Four months after rewetting, total fine root mass loss in the root
litterbags had approached similar values in both plot types again indicating higher
decomposition rates in the throughfall exclusion than in the control plots between
September 10" and December 9", 2006.
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Figure 7: Fine root decomposition (mean + SE) as observed in litterbags one month after
experimental drought (after 360 days) and 4 months after rewetting (after 450 days) in the
throughfall exclusion and control plots. Different Latin letters indicate significant differences (p
< 0.05) between the treatments for one date.
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Discussion

A comparison of results from existing studies on the effects of soil drought on fine roots
is not conclusive. For example, fine root biomass of different tree species was either
increased (de Visser et al., 1994; Parker and van Lear, 1996; Joslin and Wolfe, 1998),
decreased (Blanck et al., 1995; Leuschner and Hertel, 2003; Meier and Leuschner,
2008) or similar (Santantonio and Herrman, 1985; Leuschner et al., 2001) with
decreasing soil moisture. The observed impacts of varying water supply on fine root
production, turnover and vertical displacement are not less diverse than those on
biomass. However, the validity of these contrasting outcomes does not necessarily
have to be questioned; different results might rather indicate that there is no simple and
uniform response of fine roots to drought. The application of different methods
represents an additional factor that could influence the results of fine root studies on
reduced soil moisture.

In a literature review, Leuschner and Hertel (2003) found that fine root biomass was
positively correlated to precipitation in coniferous but not in broad-leaved stands. They
explain their finding with differences in drought tolerance of the respective tree species.
In Sweden, Persson et al. (1995) recognized that fine roots of 28-year-old Norway
spruce trees shifted to deeper mineral soil horizons as a consequence of experimentally
induced drought. In contrast, Blanck et al. (1995) could not find such redistribution in a
similar experiment with 60-year-old Norway spruce trees in Germany. These examples
show that the impact of soil drought on fine root dynamics is not species-specific. Other
factors such as soil conditions, climate and the degree of soil drought may strongly
influence the response of fine root systems to reduced soil water contents as well.

The results from our inventory of fine root biomass up to 40 cm soil depth (382 and 439
g m™) fall in the middle range of values reported from 25 other stands of Norway spruce
in temperate forests (69-640 g m?; Leuschner and Hertel, 2003). Leuschner and Hertel
(2003) found that the fine root biomass in 22 Norway spruce stands was closely related
to precipitation and increased at a rate of 38 g per 100 mm increase in precipitation.
Our biomass data match very well with the root biomasses projected from the meta-
analysis for Norway spruce stands with 1160 mm annual precipitation (about 450 g m).
In the Fichtelgebirge spruce stand, fine root biomass density was by far highest in the
organic layer and the upper mineral soil and decreased exponentially with depth.
According to Gale and Grigal (1987), the vertical fine root distribution in this stand
follows the characteristic patterns of root distribution of late-successional tree species

like Norway spruce. Borken et al. (2007) and Schmid and Kazda (2002) found a similar
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vertical distribution of fine root biomass for mature trees of the same species on
comparable sites. In general, fine root biomass distribution in the studied stand is typical
for that of mature Norway spruce forests at montane elevation with poor nutrient
availability.

In our experiment, sequential soil coring showed that mild drought, i.e. a decrease in
soil moisture from 20 to 12 vol % for a period of six weeks, led to a significant increase
in both fine root biomass (by 48 %) and necromass (by 82 %) in the organic layer of the
throughfall exclusion compared to the control plots. These differences in fine root mass
remained constant even six weeks after the throughfall exclusion plots had been
rewetted. We estimated that fine root mortality increased by 60 g m™ as a consequence
of the experimental drought. Despite the highly contrasting responses of tree roots to
reduced water supply as reported above, increased fine root mortality is a common
observation in most studies (e.g. Santantonio and Hermann, 1985; Mainiero and Kazda,
2006; Konopka et al., 2007; Meier and Leuschner, 2008). Enhanced mortality can either
lead to a reduction in fine root standing stock as observed in saplings of European
beech by Meier and Leuschner (2008), or it may be compensated by increased fine root
production during or after drought (Santantonio and Herrmann, 1985). The direction of
the response is probably dependent on the intensity of soil drought. If soil water matric
potentials approach -0.12 MPa, root growth typically tends to cease (Teskey and
Hinckley, 1981; Kuhns et al., 1985; Torreano and Morris, 1998). In our case, the results
from sequential soil coring showed that mild soil drought with soil water potential
minima of -600 hPa stimulated fine root production of mature spruce trees, thereby
compensating for enhanced mortality due to water shortage.

Trees that are responding to soil drought with enhanced rates of root shedding and the
construction of new roots invest a considerable amount of energy in the process of root
turnover. An alternative strategy is to maintain fine roots and to adapt to water shortage
by reducing root respiration (Bryla et al., 1997; Eissenstat and Volder, 2005). However,
because young roots are able to take up water more efficiently than older ones (Huang
and Nobel, 1992), root shedding and regrowth might represent a more suitable
adaptation of plants to reduced water supply (Caldwell and Richards, 1989). Eissenstat
et al. (2000) propose that roots are only maintained under drought if the benefit : cost
ratio in terms of water uptake and carbon expenditure is higher than under conditions of
root shedding and construction of new roots. This was apparently not the case in our
study.

We used both, sequential coring and the minirhizotron method, to investigate fine root

dynamics in the densely rooted organic layer of the spruce stand because this approach
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combines the advantages of a quantification of root biomass and necromass with a non-
destructive and direct root observation technique. In the absence of one standard
method, the application of such a combined approach has been widely recommended
(Nadelhoffer, 2000; Hertel and Leuschner, 2002; Hendricks et al., 2006). In our study,
the minirhizotron results could only partly confirm the data of fine root dynamics
obtained by sequential soil coring. On the one hand, the finding of enhanced fine root
mortality in the organic layer due to experimental drought was in line with the results
from sequential coring. On the other hand, the minirhizotron results did not show any
increase in fine root growth in the treatment plots as a compensation for enhanced fine
root loss. The root coring mass balance approach and the minirhizotron observations
also yielded contrasting results in respect of the apparent timing of root growth and root
death in the measuring period. From the coring data it appears that root death and root
re-growth in the organic layer happened mostly in the 6-wk period after rewetting.
However, it must be kept in mind that sequential coring will only reflect the outcome of
growth and death events that have happened in the period prior to sampling. Indeed,
the minirhizotron data indicate that a relatively high fine root death must have happened
during and not after the drought period. Thus, direct observation points to a rapid
response in root dynamics indicating that the apparent delay in the root response in the
coring data is an inherent consequence of this approach. While we applied the
sequential coring method only in the organic layer, minirhizotron observations included
the upper ca. 25 cm of the mineral soil. In this layer, however, fine root density was
much lower and fine root dynamics were not substantially influenced by induced
drought.

Nowadays, the minirhizotron technique is suggested to provide more realistic results on
fine root dynamics than sequential coring (Publicover and Vogt, 1993; Majdi, 1996;
Hendricks et al., 2006; Majdi et al., 2007). In our study, however, interpreting the results
from minirhizotron observations was complicated. Fine root production was higher than
fine root mortality by a factor of about 3 throughout the complete study indicating that
the root system in proximity to the minirhizotron tubes had not reached equilibrium until
more than one year after tube installation. As a consequence, our minirhizotron data did
not only reflect actual root dynamics but also compensation growth after soil
disturbance (Joslin and Wolfe, 1999). Since our results from the sequential coring
approach are based on a substantial number of samples (three replicate plots with each
20 cores per sampling date), they should provide a reliable picture of fine root dynamics

in the organic layer of the spruce stand.
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The mean carbon and nitrogen content of the fine root biomass in the studied spruce
stand was 46 and 1.9 %, respectively. Assuming that experimental drought for a period
of six weeks caused an increase in fine root mortality in the organic layer by 60 g m?,
this leads to an additional input of 28 g m™ of carbon and 1.1 g m? of nitrogen to the
particulate organic matter fraction in the soil. Because the frequencies of summer
drought periods are predicted to increase in temperate regions of the northern
hemisphere with climate change (Hulme and Sheard, 1999; Johns et al., 2001), the
results of our experiment suggest that considerable amounts of additional carbon and
nitrogen fluxes might occur in mature Norway spruce forests at montane elevation in the
future.

Predictions about the consequences of our findings for long-term carbon sequestration
in the soil are premature because exact data on root necromass decomposition are not
yet available. Our root litterbag experiment, however, indicates that drought leads to a
decrease in root necromass decomposition rate, thus delaying the transfer of carbon
and nutrients from dead roots to the soil solution. Therefore, it is not clear whether
drought actually increases the root-derived carbon fluxes to the soil due to increased
fine root turnover, or whether it mainly leads to an increase in the root necromass pool,
which is only mobilized in periods of favorable soil moisture and temperature conditions.
Moreover, increased fine root turnover due to drought may result in a reduction of
aboveground productivity of spruce, which should reduce fine root growth over long
time spans as well. Thus, future research has to consider aboveground carbon fluxes
as well since drought-induced compensatory root production is expected to consume

considerable amounts of mobile carbohydrates.
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Summary

Soil frost events may influence the dynamics of fine roots and therefore affect root-
derived carbon fluxes to the soil. We studied the impact of soil frost on the fine root
dynamics of Norway spruce (Picea abies (L.) Karst.) by a replicated snow removal
experiment in a mature forest in Southeast Germany. Snow removal in the three
treatment plots reduced soil temperature significantly with minima below -5.5 °C in the
organic layer while the snow-covered control plots never reached temperatures below
the freezing point. Sequential soil coring in the organic layer at the beginning and at the
end of the soil frost period as well as after thawing revealed that the soil frost treatment
increased fine root mortality by 29 %. However, enhanced fine root production in the
snow removal plots nearly compensated for the fine root losses caused by low
temperatures. These findings were confirmed by minirhizotron observations in the
organic layer and the upper 25 cm of the mineral soil showing that relative fine root loss
was by far higher in the snow removal plots than in the control plots. Compensatory fine
root production in the snow removal plots exceeded fine root production in the control
plots during a period of 8 weeks after the soil frost application by 39 % in the organic
layer while it was similar in both plot types in the mineral soil. Sequential coring and
minirhizotron observations led to substantially different fine root longevity estimates for
the soil frost period. However, in both cases, the snow removal treatment was
characterized by a significant reduction in root longevity indicating a faster fine root
turnover. As a consequence, experimental soil frost enhanced the carbon input to the
organic soil layer via root death at our study site by about 42 g m? and stimulated the
carbon investment towards the root system of the spruce trees due to a higher sink

activity.

Key words: fine root biomass, fine root longevity, minirhizotron, root necromass,

sequential coring, snow removal
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Introduction

Fine root dynamics represent an important component of ecosystem carbon cycling
(Schlesinger, 1997). Although the roots < 2 mm in diameter may contribute less than 2
% of tree biomass in mature forests, fine root growth can consume up to 50 % or more
of the carbon fixed by the canopy (Keyes and Grier, 1981; Fogel and Hunt, 1983).
Assuming that mean fine root lifespan is one year, Jackson et al. (1997) estimated that
fine roots consume about 30 % of the global net primary production. Together with
above-ground litter fall, root production provides the primary input of organic carbon to
soils. Thus, soil organic matter and root dynamics are intimately linked. However, our
understanding of below-ground C transfer processes is still limited especially with
respect to the dependency of root dynamics on abiotic stress. Together with the
process of root exudation and the exchange processes between root and mycorrhizal
fungi, fine root production and mortality rank among the least known processes in the
rhizosphere (Eissenstat and Yanai, 1997; Vogt et al., 1998). This knowledge is urgently
needed because carbon storage and fluxes are of major importance regarding the
effects of increasing drought intensities, changed winter precipitation regimes,
eutrophication, soil acidification, and other environmental changes taking place or
expected to do so in the near future (Davidson et al., 2002; Guo et al., 2005; Lal, 2005).
Changes in fine root dynamics would affect either directly or indirectly plant growth, tree
vigor and carbon sequestration. According to the predictions of climatologists, climate
warming may lead to increases in winter temperature and stronger and more frequent
summer droughts in many regions of Central Europe (Hulme and Sheard, 1999; Johns
et al., 2001; Christensen and Christensen, 2003). However, decreasing snow cover in
winter may result in stronger soil frost even though average winter air temperatures are
increasing. Tierney et al. (2001) found that fine root mortality and turnover were
accelerated by experimentally enhanced soil frost in a temperate deciduous forest of
North America.

Norway spruce is one of the economically most important tree species in Central
Europe. Numerous studies have reported on the response of this conifer to different
climatic and soil chemical stressors. However, most of these investigations were
focused on the above-ground compartments of spruce trees or stands (e.g. Blanck et
al., 1995; Spiecker, 1995; Alavi, 1996; Makinen at al., 2000), while our information on
the fine root system of Norway spruce is less complete. The majority of studies on the
fine root system of Picea abies investigated effects of aluminum, protons, or water and

nutrient availabilities on root biomass and vitality (e.g. Clemensson-Lindell and Persson,
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1995; Persson et al.,1995; Hogberg et al., 1998; Ostonen et al., 1999; Jentschke et al.,
2001; Majdi, 2001; Persson and Ahlstrém, 2002; Godbold et al., 2003). In contrast,
studies on the effect of soil frost on the fine root system of Norway spruce are scarce. In
particular, replicated field experiments investigating the effect of winter frost on fine root
growth and mortality in mature stands are missing.

We used a replicated snow removal experiment in a mature Norway spruce stand in
SE Germany to study the effects of experimentally induced soil frost on fine root
dynamics. Two independent methods (sequential coring and the minirhizotron
technique) were applied to monitor fine root dynamics over time. While sequential
coring provides precise quantifications of fine root biomass and necromass, root
observation through minirhizotron tubes is a non-destructive technique that allows for
direct measurement of fine root production and mortality.

The hypotheses of this study were that (i) soil frost increases fine root mortality leading
to a higher input of root-born organic matter into the soil, (ii) soil frost induced fine root
mortality is compensated by higher rates of fine root production, thereby increasing the

carbon sink strength of the root system due to a higher fine root turnover.

Materials and methods

Study site and experimental set-up

The study was conducted in a pure Norway spruce (Picea abies (L.) Karst.) forest at
montane elevation (870 m a.s.l.) in the Fichtelgebirge, SE Germany (50°08'N, 11°52’E).
Mean annual air temperature is about 5.3 °C (Foken, 2003) with a cold continental
winter climate. Average annual precipitation is approximately 1160 mm.

The forest consists mainly of 140-yr-old spruce trees with a dense canopy and a mean
tree height of about 30 m. The above-ground forest structure of the research plots is
characterized in Table 1. The patchy ground vegetation includes mainly the two grass

species Deschampsia flexuosa (L.) and Calamagrostis villosa (Chaix).
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Table 1: Characterization of the above-ground structure for the six research plots at the study
site (data from Borken et al., unpublished).

Snow removal Control
SR1 SR2 SR3 C1 C2 C3
Plot size (m?) 312 389 420 308 342 392
Number of trees 12 12 16 6 12 17
Stem density (ha™) 385 308 381 195 351 433
Basal area (m?*ha™') 45 41 54 30 45 58

The soil developed from granite and is classified as Haplic Podsol (JUSS, 2006). The
texture of the acidic soil is sandy to loamy with pH-values (H,O) ranging between 4.0 in
the Oa horizon and 4.5 in the Bw horizon (Hentschel et al., in press). The thickness of
the organic layer (Oi, Oe, Oa) ranges between 5 and 17 cm.

With the aim of investigating the effects of enhanced soil frost on fine root dynamics, 6
research plots of approximately 20 m x 20 m were selected, of which three were chosen
for snow removal treatment and three as a control. In every plot, a transect of 13 m
length and 1 m width was demarcated for the fine root studies. Intensive soil frost was
induced by manual snow removal between December 2005 and February 2006 for a
period of two months. In order to avoid organic layer material to be removed by snow
shoveling activities, the soil was covered by polyvinyl nets during winter 2005/06.
Additionally, the root study transects were covered by roofs of about 50 cm height to
prevent the root study installations (e.g. minirhizotron tubes and location markers) from
being damaged. After the end of the snow removal treatment in February, snow was
allowed to accumulate at all plots until it melted in spring. Soil temperature in the
organic layer was monitored by five temperature data loggers in each plot (DS 1921

Thermochron iButtons, Fa. Dallas Semiconductor, USA) during the whole study period.

Fine root inventory

In summer 2005, an inventory of fine root biomass and necromass (d < 2 mm) was
carried out in all six study plots to test the comparability of the sites in terms of root
density. In each transect per plot, 12 sampling locations were randomly selected to
examine the standing stock of fine root biomass and fine root necromass in the organic
layer and the upper 40 cm of the mineral soil. On three dates (June 30", August 11"

and September 19™), we took samples from 12 locations each per plot type with a soil

47



Chapter 3

corer (3.5 cm in diameter). This approach of repeated sampling did not only allow us to
compare fine root density between snow removal and control plots for one certain date
but also for a period of three months. The samples were transferred to plastic bags and
transported to the laboratory in Gottingen, where they were stored at 4 °C and
processed within five weeks. In the lab, the samples were cleaned from soil residues
using a sieve with a mesh size of 0.25 mm. Large root particles (> 1 cm length) were
picked from the sieve and placed under a stereomicroscope, where they were
separated into living (biomass) and dead (necromass) according to the criteria defined
by Persson (1978) and Leuschner et al. (2001). The fine root mass obtained by this
procedure includes the major part of the biomass, but misses large amounts of dead,
partly decayed rootlets (Bauhus and Bartsch, 1996; Hertel, 1999). In order to cover
these smaller root particles as well, we examined half of the samples additionally
applying a more detailed procedure. This complementary method of root analysis was
introduced by van Praag et al. (1988) and modified by Hertel (1999); it results in much
higher fine root necromass values than obtained by conventional analyses. Finally,
living and dead root mass was dried at 70 °C for 48 h, weighed, and the data expressed

as fine root abundance (g m™).

Fine root dynamics

In each of the six plots (snow removal and control), 20 sampling locations per transect
were randomly selected to monitor changes in fine root mass over time using the
sequential coring method (Persson, 1978; McClaugherty et al., 1982). Each 20 cores of
the organic layer were taken at the beginning of experimental soil frost (December 23",
2005), at the end of experimental soil frost (February 23", 2006) and after thawing
(June 5™, 2006) in the same way as described above. Based on the sequential coring
data, fine root production and fine root mortality between two subsequent sampling
dates were calculated using the balancing transfer method (Fairley and Alexander,
1985). Fine root turnover was calculated as the ratio of total fine root mortality (frost
plus follow-up period) to mean standing fine root biomass (Nadelhoffer, 2000). Fine root
longevity, the inverse of fine root turnover, is based on the mortality rate during the soil
frost period extrapolated to a full year.

In addition to the sequential coring method, we investigated fine root dynamics in the
organic layer and the upper 25 cm of the mineral soil by in situ observation with
minirhizotrons. Eight transparent plastic tubes (67 cm long x 7.0 cm in diameter) per

plot were installed vertically in the soil in June 2005, i.e. six months prior to the
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beginning of the snow removal treatment. The tubes were sealed at the bottom and
closed by removable plastic caps at the top to prevent their filling with water. The
aboveground parts of the tubes were covered with tape to avoid the penetration of
sunlight into the minirhizotrons. Fine root images were collected approximately every
four weeks between December 2005 and June 2006 using a scanner system (CI-600
Root Growth Monitoring System, FA. CID, USA). Color images of 200 dpi for the entire
tube surface until 40 cm soil depth were taken.

The images were analyzed using the software WinRhizo Tron (FA. Régent, Canada).
Due to uncertainties in distinguishing living from dead roots on the images, we classified
roots as either present or gone. By comparing visible and disappeared fine root length
of current and previous images, root production and root loss were calculated per
month (Majdi, 1996). Data on relative production and loss were obtained by relating
recent root production or loss to the standing fine root length of the previous date
(cm/cm/mo; Hendricks et al., 2006). By extrapolating the results of relative root loss (in
percent of standing stock) to a full year, fine root longevity was estimated on an annual
basis (Nadelhoffer, 2000).

Statistical analysis

All data sets on fine roots were not normally distributed according to the Shapiro-Wilk
test. Even after log or root transformation most data sets were skewed. Therefore, non-
parametric Mann-Whitney two-sample tests (U-tests) with a 5 % rejection level were
used to test for significant differences in fine root standing stock, production, mortality
and longevity between treatment and control and different dates and methods. The
calculations were conducted with the software package SAS version 8.2 (SAS Institute,
Cary, NC, USA).
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Results

Structure of the fine root system of the six plots

Soil coring about six months prior to experimental soil frost did not reveal any significant
differences in fine root biomass and necromass distribution between snow removal and
control plots (data not shown). Fine root biomass was very similar for both plot types in
the organic layer but tended to be higher by about 17 % in the mineral soil of the control
plots compared to the snow removal plots. Hence, the profile totals of fine root biomass
tended to be higher in the control plots (440 g m™) than in the snow removal plots (383
g m?). The fine root necromass was similar for both plot types with profile totals of 500
and 550 g m™ in the snow removal and control plots (data not shown). As for fine root
biomass, the fine root necromass was nearly identical in the organic layer of the plots,
but tended to be higher by ca. 16 % in the mineral soil of the control plots.

In the soil profiles of both treatments, the fine root density decreased exponentially from
the organic layer and the upper mineral soil to the deeper mineral soil. This is reflected
by the relatively low B value (0.94) of the fine root biomass depth function y = 1 — p°
according to Gale and Grigal (1987) (where y represents the cumulative portion of the

standing fine root biomass in the respective soil depth d) (Figure 1).
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Figure 1: Cumulative vertical fine root biomass distribution in soil profiles of snow removal and
control plots as investigated by soil coring 4 months before the onset of the treatment. The
degree of fine root biomass decrease with depth is indicated by the pB-values of the regression
equation y = 1 - B¢ (Gale and Grigal, 1987), with y = cumulative fine root biomass fraction in g
m™ and d = soil depth.
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Soil thermal conditions in the snow removal treatment and the control plots

Soil frost was induced by manual snow removal from the three treated plots between
end of December 2005 and end of February 2006. This treatment led to a significant
reduction in the soil temperature until the end of March with several minima as low as
-5.5 °C while the snow covered control plots never experienced soil frost in this period
(Figure 2, Table 2).

Experimental
frost

Soil temperature (°C)
w
|

\

Snow removal

Nov 'Dec ' Jan 'Feb Mar ' Apr | May
Month

Figure 2: Soil temperature in 5 cm soil depth (measured from organic layer surface) in the snow
removal (solid line) and control (dotted line) plots from November 2005 until May 2006. Given
are daily means of five temperature logger stations per plot. The period of experimentally
induced soil frost is marked in grey.

Table 2: Mean and minimum temperatures of the organic layer (5 cm below organic layer
surface) and the mineral soil (at 15 cm mineral soil depth) in snow removal and control plots
during the winter period from December 20", 2005 until March 20", 2006. (Data for mineral soil
from Hentschel et al., unpublished)

Snow removal Control
SR1 SR2 SR3 C1 C2 C3
Mean temperature (°C) Org. layer -0.5 -0.9 -1.1 0.9 0.6 0.7
Min. soil 04 0.0 -0.1 1.4 1.5 1.0
Minimum temperature (°C) Org. layer -3.6 -5.1 -5.3 0.5 0.0 0.2
Min. soll -1.1 -1.9 -1.5 1.0 1.0 0.7
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Mean daily temperature in the organic layer was 0.73 °C and -0.83 °C in the control and
the treatment plots, respectively. Hence, the upper soil in the snow removal plots was
1.56 °C colder on average than in the control plots; the difference in the minimum
temperatures was even more pronounced (Table 2). Mean temperature in about 15 cm
mineral soil depth was also lower in the snow removal than in control plots with 0.1 °C
versus 1.3 °C. With the onset of thawing in April, soil temperatures in the snow removal

treatment and the control plots approached each other.

Effects of experimental soil frost on fine root biomass and necromass in the organic

layer

Sequential soil coring showed that the variation in fine root biomass over time was
relatively small in the organic layer; root biomass in the snow removal plots did not
change during the frost period while a slight increase in fine root biomass was visible in
the control plots (Figure 3A). Ten weeks after thawing, fine root biomass tended to be

somewhat reduced in both the treatment and the control plots.
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Figure 3: Fine root biomass (A) and necromass (B) in the organic layer of snow removal and
control plots (mean + 1 SE) as investigated by soil coring in 2005/06. Samples were taken at the
beginning of snow removal (December 23", 2005), at the end of snow removal (February 23",
2006) and after thawing (June 5", 2006). Different Latin letters indicate significant differences
between the treatments at one date, different Greek letters those between different dates for a
given treatment.

In contrast, fine root necromass in the organic layer showed a conspicuous response to
the soil frost application. Dead root mass in the treated plots increased during the frost
period by 11 % while it decreased by 16 % in the control plots in this period leading to a
significant difference between both plot types at the end of the snow removal period

(Figure 3B). At the end of the follow-up period in June, fine root necromass was

52



Frost effects on fine roots

markedly higher in both plot types showing an increase by 40 % and 53 % in the control
and the snow removal plots, respectively, compared to the initial conditions in
December.

As a consequence of the observed changes in fine root biomass and necromass, fine
root mortality was significantly higher in the organic layer of the snow removal plots than
in the control plots during the period of experimental soil frost (Figure 4A). After four
weeks of mild soil frost in March and the subsequent 10 frost-free weeks from April to
June, nearly the same amount of died fine roots (ca. 31 gm?mo™) showed up in the
snow removal plots. However, cold weather in late winter and thawing in spring led to a

significant increase in fine root mortality in the control plots, too.
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Figure 4: Fine root mortality (A) and production (B) in the organic layer of snow removal and
control plots (mean + 1 SE) as investigated by soil coring during winter 2005/06. The period of
induced soil frost lasted from December 2005 until February 2006 (62 days) while the follow-up
period was between February and June 2006 (102 days). Different Latin letters indicate
significant differences between the treatments for one measuring period, different Greek letters
those between different periods for a given treatment.

In the organic layer of both the snow removal and the control plots, fine root growth
continued throughout the winter period according to our sequential coring data.
Surprisingly, fine root production tended to be higher in the snow removal plots than in
the control plots (Figure 4B). In contrast, fine root production in the snow removal plots
was lower during the follow-up period. However, both observations are not based on
significant differences in production rates due to the large variation in our data set. With
an average of 31 gm?mo™, fine root production during the period of experimental soil

frost compensated for the simultaneous death of fine roots at a rate of 36 g m? mo™.
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Fine root response to soil frost as observed in minirhizotrons

Analysing the minirhizotron images revealed that in both the organic layer and the
upper 25 cm of the mineral soil, mean fine root length tended to be higher in the snow
removal than in the control plots at the beginning of the soil frost application (Figure 5).
Fine root length in the organic layer of the snow removal plots changed only little during
the snow removal period, while in the control plots, fine root length increased in the
same time. This difference in root length increase in the upper soil disappeared within 7
weeks after termination of the snow removal, but fine root length in the snow removal
plots tended to increase more rapidly than in the control plots during the thawing period.
In the upper mineral soil of both plot types, fine root density around the observation
tubes was about 65 % lower than in the organic layer. However, fine root length
increase in the mineral soil of snow removal and control plots followed the same pattern

as observed in the organic layer.
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Figure 5: Length of fine root cohorts (mean + 1 SE) visible in minirhizotrons in the organic
layer (org) and the upper ca. 25 cm of the mineral soil (min) of the snow removal (SR) and

control (C) plots between December 2005 and June 2006. The period of snow removal is marked
in grey.

Relative fine root loss and production calculated from root length disappearance or
emergence between two observation dates in relation to root length initially present at
the tubes, were clearly affected by the soil frost treatment (Figure 6A). In the organic
layer, the relative loss rate of root length per month was not different between the snow
removal and the control plots during the first phase of the soil frost application in

January, but it was significantly higher in the snow removal than in the control plots in

54



Frost effects on fine roots

February and March. In the mineral soil, relative loss rates were similar to those in the

organic layer.
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Figure 6: Relative loss (A) and production (B) of fine root length (mean + 1 SE) in the organic
layer (above) and the upper ca. 25 cm of the mineral soil (below) of the snow removal and
control plots as calculated from minirhizotron data. Relative loss and production were calculated
from the length of disappearing fine roots (loss) or disappearing fine roots plus fine root length
increment (production) between two sampling dates in relation to the standing stock of fine roots
of the previous month. Different letters indicate significant differences between the treatments
for a given month. Note different scales for loss and production.

Fine root growth occurred even in periods with a mean temperature of about 1 °C or
lower (Figure 6B, Figure 2). In the first phase of the soil frost application period, relative
root production was higher in the organic layer of the control compared to the snow
removal plots. However, this picture changed in the second part of the frost period and
relative root production in the organic layer of snow removal plots exceeded that of the
control plots at the end of the treatment (April). In the mineral soil, no significant
differences in relative fine root production between snow removal and control plots were
observed during the study period.

Both the relative root length loss and relative root length production increased markedly
during the winter period from January to April in the snow removal and the control plots.
This indicates an endogenous root growth rhythm because soil temperature remained
constant from January to March in the control plots. However, relative root length

production occurred at a markedly higher rate than root length loss indicating that the
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fine root system in proximity to the minirhizotron tubes had not reached a steady state

until the end of our study.

Effects of soil frost on the longevity of spruce fine roots

Monitoring the impact of experimental soil frost on fine root dynamics in the organic
layer by sequential coring and minirhizotron observation allowed us to estimate fine root
longevity in the upper soil for both methods. Fine root longevity under low temperature
or frost conditions in the snow removal and the control plots was estimated to be 194
and 581 days, respectively, using the sequential coring approach (data not shown).
Accordingly, root longevity decreased by a factor of about 3 as a consequence of the
soil frost treatment. Root longevity estimates derived from the minirhizotron data were
much higher, indicating a mean lifespan of 939 and 1332 days of the fine roots in the
snow removal and the control plots (data not shown). However, in accordance with root
longevity estimated from sequential coring data, root lifespan at the minirhizotron tubes

was reduced by ca. 36 % in the snow removal compared with the control plots.

56



Frost effects on fine roots

Discussion

Most research concerning effects of soil frost on fine root growth and physiology has
been conducted on potted tree seedlings that were exposed to cold treatments of
limited duration. Numerous of these studies investigated the frost hardiness of the root
system of different Pinus or Picea species (including Picea abies) because these
conifers are important timber species in the boreal forest and large numbers of
seedlings of these species are cold stored in nurseries.

In general, young roots are more susceptible to frost than mature roots (Lindstrém and
Mattson, 1989; Colombo et al., 1995) and fine root tips seem to be particularly frost
sensitive (Smit-Spinks et al., 1985). Large differences in root frost hardiness exist
between different tree species. For example, root systems of spruces seem to be
generally more tolerant against soil frost than those of pines (Bigras and Dumais, 2005).
According to Bigras et al. (2001), the root system of spruce as a whole has a maximum
cold tolerance of < -20 °C and Hansen et al. (1996) found that Picea abies trees are
able to maintain root growth at temperatures close to zero and thus may continue slow
root growth throughout the winter period. Tree roots acclimatize to low temperatures by
accumulation of soluble carbohydrates (Tinus et al., 2000), induced by a lowering of soil
temperatures to about 5 °C (Bigras and D'Aoust, 1993). Accumulation of soluble sugars
is known to serve as a cryoprotecting mechanism in root cells. On the other hand,
soluble sugars increase the growth potential of roots after a cold period (Burr at al.,
1989).

Root systems of trees have been found to be particularly sensitive to frost damage
during freeze-thaw cycles, which may hit the roots in a dehardened state increasing the
risk of xylem embolism and possible tree dieback (Schaberg et al., 1996; Ogren et al.,
1997). However, the root system of seedlings of spruces and other conifers was found
to be capable of rapid recovery after severe losses in fine root biomass had occurred.
How sensitive Norway spruce roots are to frost damage, is highly dependent on tree
age, the availability of carbohydrates in the roots and the degree of frost hardening of
the roots.

The results of our frost experiment in a mature Picea abies forest show that even mild
soil frost (8-wk treatment with minima of ca. -5 °C) significantly increased fine root
mortality in comparison to the control plots, which were covered by snow and never
experienced below-zero temperatures. This is evident from the replicated coring study,
which showed a significant increase in fine root necromass by more than 50 g m? in the

organic layer of the snow removal plots at the end of the treatment. Based on the
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compartmental flow calculation approach after Fairley and Alexander (1985), we
estimated that the fine root mortality rate in this upper layer had increased by about 25
gm?mo™ as a consequence of the soil frost treatment.

The sequential coring approach has been criticized to give unrealistic results for the
estimation of fine root production in certain cases (Kurz and Kimmins, 1987; Majdi,
1996; Hendricks et al., 2006); instead, direct observation of root growth and death in
minirhizotrons has recently found higher acceptance (Smit et al., 2000; Hendricks et al.,
2006; Majdi et al., 2007). In our study, however, we would suggest to handle the results
derived from the minirhizotron method with some care. In ecosystems with woody
plants, the beginning of image collection is often delayed by about 6-8 months after
tube installation to allow for fine root recovery to steady state conditions (Hendricks et
al., 2006; Mainiero and Kazda, 2006; Withington et al., 2006). In our study, however,
fine root production was higher than fine root loss by a factor of about 4 throughout the
complete sampling period indicating that the root system in proximity to the
minirhizotron tubes had not reached equilibrium until more than 10 months after tube
installation. As a consequence, our observations might not only reflect actual root
dynamics but also mirror fine root response to soil disturbance (Joslin and Wolfe, 1999).
We propose that slow fine root growth rates at our mountainous study site delayed
steady state conditions in the root population.

Nevertheless, our data from the minirhizotron approach agree well with the results from
sequential soil coring. According to the image analysis, fine root mortality tended to be
higher in both, the organic layer and the upper part of the mineral soil of the snow
removal plots compared to the control plots in the period from January to April;
however, the differences were not significant at p < 0.05. The minirhizotron images
showed a significant increase in fine root birth in the period before April in the organic
layer of the snow removal plots indicating a compensatory burst of fine root growth after
the elevated root loss due to frost effects in the preceding months. Thus, it appears that
the root system of mature spruce trees responds sensitively to even mild soil frost, but
is able to compensate for these losses rapidly within short time. Our findings of
accelerated fine root production and mortality as a response to experimentally induced
soil frost were supported by Muhr et al. (unpublished), who showed that autotrophic
respiration in the soil was higher in the snow removal plots than in the control plots in
2006.

Compared with data from sequential coring, root longevity estimates based on
minirhizotron data were substantially higher for both plot types. We propose that this

difference was mainly caused by compensation growth of fine roots due to soil

58



Frost effects on fine roots

disturbance after tube installation as described above. However, longevity values
obtained from minirhizotron observations are generally expected to underestimate
actual fine root longevity (Tierney and Fahey, 2002). Independently of the method used,
experimental soil frost led to an increase in fine root turnover, thereby reducing the
estimated root lifespan in the snow removal plots compared to the control plots.

Our data indicate that the 8-wk soil frost event resulted in a burst of dying of fine roots in
the organic layer, which amounted at an extra input of root necromass to the soil of ca.
47 g m? corresponding to an excess flux of about 21 g C m? and 0.7 g N m? from
decaying roots. This finding is in accordance with the assumption of Matzner and
Borken (in press) from a literature study that the carbon pool of forest soils in certain
areas might increase in future as a consequence of enhanced root litter input due to
more frequent freeze-thaw events.

The results of our minirhizotron observations showed that experimental soil frost did
not only enhance fine root mortality in the organic layer but also, to a similar degree, in
the upper ca. 25 cm of the mineral soil. Considering that fine root mass in our research
plots was comparable in the organic layer and the upper 25 cm of the mineral soil, we
claim that experimentally induced soil frost led to a total additional input of about 42 g C
m?2and 1.4 g N m™ to the soil.

Our findings are in line with the results of Tierney et al. (2001) who recognized an
enhanced root litter input due to enhanced fine root mortality in a northern hardwood
forest in New Hampshire (USA) after applying a mild freezing treatment (to -4 °C) for 12
weeks. However, their estimates for additional fine root mortality (30 g m?) and nitrogen
fluxes (0.5 g m?) were lower than ours, indicating a relatively higher frost sensitivity of
the fine root system of Norway spruce. Tierney et al. (2001) concluded that frost-
induced root mortality may lead to elevated levels of nitrification and subsequent losses
of N and P through leaching because nutrient mineralization from decaying roots occurs
in a period of reduced plant uptake. Interestingly, the same authors found in laboratory
experiments with potted tree seedlings that the mild freezing temperatures in the forest
were insufficient to cause fine root death (Tierney et al. 2001). They conclude that the
elevated root mortality was caused indirectly by mechanical damage to roots in frozen
soil. In the light of the cold sensitivity data of Hansen et al. (1996), Bigras et al. (2001)
and Coleman et al. (1992), it may well be that hardened spruce roots in the
Fichtelgebirge forest were not damaged by the soil frost directly but by the forming of
ice in the soil, which will be a rare event in deeper soil layers as long as snow cover

exists.
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We conclude that increased frequencies of freeze-thaw events in the frame of global
change will affect Norway spruce root systems through elevated fine root mortality
leading to an additional input of root-derived carbon into the soil. Mild soil frost may
stimulate compensatory fine root growth, which mitigates the negative effects of fine
root loss but draws on the carbohydrate reserves of the trees, thereby possibly reducing
above-ground productivity.
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Estimating fine root longevity in a temperate Norway
spruce forest using three independent methods
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Summary

The importance of root systems for C cycling depends crucially on fine root longevity. In
a temperate Norway spruce (Picea abies (L.) Karst.) forest, we investigated fine root
longevity distribution with root diameter, root C/N ratio and soil depth using radiocarbon
(**C) analyses. In addition, we applied sequential soil coring and minirhizotron
observations to estimate fine root longevity in the organic layer of the same stand. We
found that the mean age of C in fine roots increased with depth from 5 years in the
organic layer to 13 years in 40-60 cm mineral soil depth. Similarly, the C/N ratios of fine
root samples were lowest in the organic layer with a mean value of 24 and increased at
a rate of 10 % per 10 cm increase in soil depth. Roots > 0.5 mm in diameter tended to
live longer than those being < 0.5 mm in diameter. By far the strongest variability in fine
root longevity estimates was due to the chosen method of investigation, with
radiocarbon analyses yielding much higher estimates (5.4 yr) than sequential soil coring
(0.9 yr) and minirhizotron observations (0.7 yr). The C concentrations in fresh fine
roots and needles collected in 2007 were similar to those in atmospheric CO, of the
same year. Hence, the construction of new root tissue with C from storage pools is
unlikely to be the reason for elevated fine root longevity estimates as obtained by
radiocarbon analyses. We conclude that sequential soil coring and minirhizotron
observations are likely to underestimate mean fine root longevity, while radiocarbon

analyses may lead to an overestimation of mean root longevity.

Key words: fine root diameter, minirhizotrons, radiocarbon, root C/N ratio, root

turnover, sequential coring
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Introduction

Fine roots represent a relatively small but important element of C cycling in forest
ecosystems (Schlesinger 1997). On a global scale, fine root growth is estimated to
consume about 30 % of the C fixed through photosynthesis (Jackson et al. 1997).
However, this estimation is based on the increasingly controversial assumption that fine
roots grow and die within one year.

In a meta-analysis comprising 59 studies, Gill and Jackson (2000) found that estimated
fine root turnover times ranged from 5 months to 2 years. Fine root longevity varies
between different types of vegetation and is affected by soil conditions like temperature,
moisture and nutrient availability (Pregitzer et al. 1993; Gaul et al. 2008; Graefe et al.
2008). In addition, there is increasing evidence that different components of the same
fine root system cycle C at very different rates. Particularly root diameter, root order and
soil depth may substantially influence the longevity, and therefore the sink strength of
fine roots for C (Wells and Eissenstat 2001; Gaudinski et al. 2001; Joslin et al. 2006).
More recently, the method of investigation has also been considered to significantly
influence the estimate of root longevity. Mean fine root longevities in the order of
several years, as they are often indicated by isotope-based studies, are increasingly
leading to doubts about the potential of fine roots to be an outstanding C sink.

Today, there exists a great variety of independent methods for monitoring fine root
dynamics in forest soils. The most promising and frequently used approaches for
estimating root longevity include sequential soil coring, direct observation using
minirhizotrons and isotopic ("*C and C) analyses (Pritchard and Strand 2008). All of
these techniques have their advantages and shortcomings (Majdi et al. 2005; Hendricks
et al. 2006).

Sequential soil coring was among the first methods used to estimate changes in fine
root biomass and necromass over time. Based on the data obtained from sequential
coring, fine root production and longevity can be calculated by different procedures. The
most common approach is the minimum-maximum method, which equates the
difference between minimum and maximum fine root mass during a year with annual
fine root production (Edwards and Harris 1977; McClaugherty et al. 1982). Root
turnover (the inverse of longevity) is calculated by relating annual root production to
standing root biomass (Gill and Jackson 2000). Sequential coring in combination with
the minimum-maximum method is criticized as being an indirect approach to estimate
fine root production and longevity, which is based on tenuous assumptions (Hendricks

et al. 2006; Majdi et al. 2007). In fact, the minimum-maximum method assumes that
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root production and mortality occur in different periods and that no additional peak or
low of standing root mass occurs between the sampling dates (Singh et al. 1984; Kurz
and Kimmins 1987).

The minirhizotron method is increasingly suggested to provide more realistic results on
fine root dynamics than sequential soil coring (Publicover and Vogt 1993; Hendricks et
al. 2006; Majdi et al. 2007). It is a non-destructive approach that allows for in-situ
observation of individual fine roots over defined time intervals. Fine root lifespan or
longevity can be directly observed by tracking roots from their first appearance until
their death. One limitation of this method is the difficulty of distinguishing between live
and dead roots on minirhizotron images (Comas et al. 2000; Withington et al. 2006). In
addition, soil disturbance after tube installation and the tubes themselves can influence
fine root longevity (Joslin and Wolfe 1999; Withington et al. 2003).

More recently, Gaudinski et al. (2001) introduced a new approach to estimate the
longevity of fine roots based on the radiocarbon concentrations in root mass. A™C of
root material is measured and compared to the historic record of A'C in atmospheric
CO.. Mean fine root lifetime or longevity is equated with the time period between C
fixation in root tissue and sampling date. Radiocarbon analyses are criticized to
overestimate fine root longevity because the finest, most ephemeral roots are likely to
be underrepresented and new fine roots may be constructed with C from storage pools
(Strand et al. 2008). While sequential coring and minirhizotron observations usually
yield fine root longevity estimates of less than one year, radiocarbon data indicate that
tree fine roots live for more than 4 years on average (Gaudinski et al. 2001; Tierney and
Fahey 2002; Trumbore et al. 2006).

The importance of reliable data on fine root longevity for quantifying C fluxes in forests
is increasingly recognized. Currently, there is an intensive debate on the efficacy of
different methods for investigating fine root longevity (Strand et al. 2008). Most of the
studies on root turnover and longevity applied only one method although multiple
assessment techniques are widely recommended for the investigation of root dynamics
(Vogt et al. 1998; Hertel and Leuschner 2002; Hendricks et al. 2006). We are not aware
of any study that has applied more than two independent methods to estimate fine root
longevity for the same site until now.

We used sequential soil coring, minirhizotron observations and radiocarbon dating to
investigate fine root longevity in a mature Norway spruce stand in Southeast Germany.
Our main objectives were (i) to compare three independent methods for estimating fine
root longevity and (ii) to assess the variation in fine root longevity with root diameter,

root C/N ratio and soil depth.
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Materials and methods

Study site

The study was conducted in a mature Norway spruce (Picea abies (L.) Karst.) forest at
an elevation of about 770 m a.s.l. in the Fichtelgebirge, Southeast Germany (50°08'N,
11°52’E). Mean annual precipitation is approximately 1160 mm and mean annual air
temperature is 5.3 °C (Foken 2003). The soil developed from granite and is classified as
Haplic Podsol (IUSS, 2006) with sandy to loamy texture. The pH values (H,O) of the soil
range from 4.0 in the Oa horizon to 4.5 in the Bw horizon (Hentschel et al. 2007). The C
and N contents of the soil decreased with soil depth from 18 % C and 1 % N in the Oa
horizon to 0.4 % C and < 0.05 % N in the BW horizon (Hentschel et al. 2007). The base
saturation was highest in the Oa horizon with 54 % and decreased to 12-16 % in the
subsoil (Hentschel et al. 2007). The thickness of the mor-like organic layer (Oi, Oe, Oa)
varies between 5 and 18 cm and is on average 11 cm. Mean tree age of the pure
spruce forest was 140 years and mean tree height was 30 m. The basal area was 45 m?
ha” and the stem density was approximately 350 ha™”. The patchy ground vegetation
was dominated by the grass species Deschampsia flexuosa (L.) and Calamagrostis
villosa (Chaix).

Three research plots of about 20 m x 20 m each were established for the fine root
studies. In the centre of every plot, a transect of 13 m length and 1 m width was
randomly chosen to monitor fine root dynamics through soil coring and minirhizotron

observations.

Fine root inventory

In summer 2005, the mass and vertical distribution of living and dead fine roots (< 2 mm
in diameter) were investigated. Samples were taken with a soil corer (3.5 cm in
diameter) from the organic layer and the upper 40 cm of the mineral soil at 12 randomly
selected locations along each of the three transects. Every soil core was divided into
five soil depth intervals (oganic layer, 0-10 cm, 10-20 cm, 20-30 cm, 30-40cm). The
sampling locations were more than 50 cm apart to avoid clumping and to cope with the
spatial heterogeneity of the plots. The root samples were filled in plastic bags and
transported to the laboratory in Goéttingen, where they were processed within five
weeks. In the lab, the samples were washed with water in a sieve (0.25 mm mesh size)
to clean the roots from soil particles. Subsequently, large roots (< 1 cm in length) were

sorted into living (biomass) and dead (necromass) fractions under the stereomicroscope
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based on color, elasticity and the degree of cohesion of cortex, periderm and stele. If
cortex and stele were either dark, non-turgid or missing, fine roots were classified as
dead (Persson 1978; Leuschner et al. 2001). This analysis covers the vast majority of
the fine root biomass but misses many dead rootlets (Bauhus and Bartsch 1996). In
order to consider these smaller root particles as well, we examined half of the samples
additionally applying a more detailed procedure following the protocol given by Hertel
(1999) and Leuschner et al. (2001). The results were then extrapolated to estimate also
the biomass and necromass of fine roots < 1 cm in length for the remaining samples.
The application of this complementary method of root analysis results in much higher
fine root necromass values than obtained by conventional analyses. Living and dead
fine roots of each sample were dried at 70 °C for 48 h, weighed, and the data
expressed as fine root biomass and necromass abundance (g m™).

Additionally, all samples of living fine roots containing > 10 mg root mass were grained
and analyzed for carbon and nitrogen content using a CNH auto-analyzer (Na-1500, Fa.

Carlo Erba Strumentazione, Milan, ltaly).

Sequential soil coring approach

Changes in fine root biomass and necromass over time were monitored by sequential
soil coring on seven dates between December 2005 and December 2006. Along each
of the three transects, 20 sampling locations were randomly selected. Soil cores of the
thick organic layer were taken at a distance of 30 cm to each other and processed in
the same way as described above. Annual fine root production was calculated from the
sequential coring data using the minimum-maximum method (Edwards and Harris 1977;
McClaugherty et al. 1982). Based on this method, annual fine root production is
calculated as the difference between maximum and minimum fine root mass (biomass
plus necromass) during the one-year-long sampling period. Fine root turnover was
calculated as the ratio of annual fine root production to mean standing fine root biomass
(Aber et al. 1985; Aerts et al. 1992). Fine root longevity (in years) is the inverse of fine

root turnover.

Minirhizotron approach

In addition to the sequential coring method, we observed seasonal fine root dynamics in

the organic layer in situ through minirhizotrons. Eight transparent plexiglas tubes (67 cm
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long x 7.0 cm in diameter) per plot were installed vertically to the soil surface in June
2005. All tubes were sealed at the bottom and closed by removable plastic caps at the
top to prevent the entrance of water. The aboveground parts of the minirhizotron tubes
were laminated with tape to avoid the penetration of sunlight to the soil. After the
installation of the minirhizotrons, the first image collection was delayed by six months in
order to allow for a steady state of fine root density in proximity to the tubes (Joslin and
Wolfe 1999). Between December 2005 and December 2006, colored images with a
resolution of 200 dpi were taken approximately every four weeks using a scanner
system (CI-600 Root Growth Monitoring System, CID, USA). From the recorded soil
compartment, about 80 cm? were selected to monitor temporal changes of fine root
length. In this study, fine root dynamics were only investigated in the densely rooted
organic soil layer, which accounted for about 40 % of the fine root biomass profile total.

The images were analyzed with the program WinRHIZOTron (Régent Instruments,
Quebec, Canada). Because of difficulties in determining the vitality status of fine roots
based on their color (Tingey et al. 2000; Withington et al. 2006), we classified all
present roots as living and disappeared roots as dead. As a consequence, our study
overestimates fine root longevity due to the time lag between death and disappearance
of fine roots. Root birth and death were assumed to have occurred halfway between two
successive dates of image collection. We divided fine roots into two size classes (roots
< 0.5 mm in diameter and roots between 0.5 and 2 mm in diameter) to cope with
functional differences of different diameter classes (Pregitzer et al. 1998; Wells and
Eissenstat 2001). We tracked all fine roots < 0.5 mm in diameter, which first appeared
in January and July 2006 until their disappearance or the end of the study. Fine roots >
0.5 mm in diameter were less abundant and two cohorts of roots born between January
and March 2006 and between June and July 2006 were tracked in the same way. Root

lifespan was calculated as the number of days from root birth until root death.

Radiocarbon approach

We estimated the mean age of C in fine roots of different size classes and soil depths
by radiocarbon (A'C) analyses. In proximity to the research transects, 10 holes of 60
cm depth were dug. Fine root material for 1-2 root samples per size class and soil depth
was picked manually from each hole using forceps. Ninety fine root samples collected
by this procedure were composed as following: roots < 0.5 mm in diameter from the
organic layer (n=12); roots between 0.5 and 1 mm in diameter from the organic layer

(n=10); roots between 1 and 2 mm in diameter from the organic layer (n=10); roots < 2
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mm in diameter for the upper 10 cm of the mineral soil (n=12); roots < 2 mm in diameter
at 10-20 cm mineral soil depth (n=12); roots < 2 mm in diameter at 20-40 cm mineral
soil depth (n=12); roots < 1 mm in diameter at 40-60 cm mineral soil depth (n=12) and
roots between 1 and 2 mm in diameter at 40-60 cm mineral soil depth (n=10). Under a
stereomicroscope, the root samples were separated into living and dead fractions as
described above. Additionally, samples of fine root biomass (n=10) and necromass
(n=10) obtained from sequential soil coring in the organic layer of the study location in
June 2006 were used for radiocarbon analyses.

In order to find out whether the radiocarbon contents of plant tissue reflect the actual
fine root ages, we collected fresh needles (n=10) and roots (n=10) in July 2007. Fresh
needles were picked from mature spruce trees growing in proximity to the research
transects. They could be easily differentiated from older ones due to their lighter color
and their position at the end of the twigs. Horizontally installed root screens allowed us
to identify roots known to be less than 8 months old in June 2007. These roots were
then hand-picked from the soil with forceps and used to measure A'C values of fresh
fine root material .

All samples (n=130) were carefully cleaned from soil residues, oven-dried at 70 °C for
48 h and ground. We applied an acid/alkali/acid treatment according to Gaudinski et al.
(2001) to remove non-structural carbohydrates, which may post-date root formation.
The samples were oven-dried at 70 °C for 48 h again and sent to the accelerator mass
spectrometry (AMS) Radiocarbon Analysis Laboratory in Jena, Germany, where they
were converted to graphite and measured for ™C content. Radiocarbon data is
expressed as A'C, which is equivalent to the "C/'?C ratio per mil of a sample divided
by that of a universal standard (oxalic acid nr 1 in AD 1950) corrected to a common
A™C value of -25 %o.

We determined the time of root formation as the year in which atmospheric A™C fits
best with the A™C values obtained from radiocarbon analyses of the samples. Mean
fine root age was calculated as the period between root formation and sample
collection. This method overestimates fine root age by the time lag between C fixation
from the atmosphere and root construction (Gaudinski et al. 2001).

As a historic record of A'C in atmospheric CO,, we used summer measurements at
Schauinsland, South Germany, for 1977-1996 (Levin and Kromer 1997) and 1997-2006
(Levin et al. 2008). In 2007, A™C at Schauinsland is assumed to be 51.5 %o (Levin,

personal communication).
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Statistical analysis

Mass, C age and C/N of fine roots from different soil depths were tested for normal
distribution using the Shapiro-Wilk test. Means of the normally distributed data for C age
were compared by one-factorial ANOVA followed by a Scheffé test. Data sets for fine
root mass and C/N ratio were skewed even after log or root transformation. Therefore,
we used Kruskal-Wallis single factor analyses of variance, followed by non-parametric
Mann-Whitney two-sample tests to detect differences in fine root mass and C/N ratio
with soil depths. Differences between biomass and necromass for each soil depth were
analyzed using Mann-Whitney two-sample tests only. Root lifespan estimates were
calculated using the Weibull function for right-censored data. These calculations were
conducted using the software package SAS, version 9.1 (SAS Institute, Cary, USA).
The dependence of root age on the C/N ratio of roots was investigated by single-factor
linear regression analyses with the software package Xact, version 8 (ScilLab,

Hamburg, Germany). Results of all tests are reported as significant if P < 0.05.
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Results

Fine root inventory

Soil coring showed that fine root biomass and necromass were highest in the organic
layer and decreased substantially with soil depth (Figure 1). We calculated an average
reduction in fine root biomass and necromass abundance per 10 cm increase in soil
depth of 50 and 43 %, respectively. Adding up the values for the profile total, fine root
necromass was higher than fine root biomass by 25 %. The total mass of living and

dead fine roots up to 40 cm mineral soil depth was 439 and 550 g m?, respectively.

Soil depth (cm)
=
)
o
S

20-30 b
Il biomass
3040 WM& [ necromass
| | | | | |
0 50 100 150 200 250

Fine root mass (g m3)

Figure 1: Vertical distribution of fine root biomass and necromass (mean + SE) in the studied
spruce forest. Different Latin letters indicate significant differences between biomass and
necromass for a given soil depth, different Greek letters those between different soil depths for
either root biomass or necromass.

Seasonal fine root dynamics

Fine root biomass and necromass in the organic layer as investigated by soil coring
showed a distinct seasonal development (Figure 2A). At the first sampling date in
December 2005, fine root biomass and necromass were similar with 182 g m?2 and 179
g m™. After a slight decrease until March 20086, fine root necromass increased by 115 %
to reach its highest value in June 2006. In contrast, fine root biomass remained stable
during the same period. Between June and August 2006, fine root biomass and
necromass decreased by 33 and 53 %, respectively. At the end of the study, root
biomass was lower by 42 g m? than one year before while root necromass was higher
by 53 g m™? than in December 2005. Overall, seasonal dynamics were more pronounce

in fine root necromass than in biomass.
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Figure 2: Seasonal fine root dynamics as investigated by sequential coring and minirhizotron
observations in the organic layer of the study plots (n=3) between December 2005 and December
2006. The results from sequential coring show fine root biomass and necromass (mean + SE) for
7 sampling dates (60 samples per date). Minirhizotron data of fine root length and loss (mean +
SE) are illustrated for every month (24 tubes per date).

According to our minirhizotron data, fine root length and loss were not primarily
controlled by seasonality. Instead, both increased almost continuously between
December 2005 and September 2006 (Figure 2B). Only during the last three months of
the study, root length and loss remained stable. As a result, fine root length was almost
three times higher in December 2006 than one year before. This indicates that the fine
root system in proximity to the minirhizotron tubes was not in a steady state during our

study.

Variation in fine root A'*C values and root age with size class and soil depth

The A™C signatures of fresh needles (48.6 %) and fine roots (51.1 %o) collected in 2007
are in accordance with the estimated atmospheric A™Co, value of 51.5 %o for the year
2007 (Figure 3). Hence, the radiocarbon concentration of fine roots was very close to
that of the atmosphere during root construction.

All other live and dead fine root samples were heavier in terms of "C concentration
compared to atmospheric CO, of the year in which they were collected (Table 1). The
A'C values of fine roots ranged between 68.6 and 133.6 %.. They were lowest in the
organic layer and increased with soil depth. As expected, the radiocarbon
concentrations were higher in dead than in living roots. Furthermore, the radiocarbon
concentration of fine roots increased with root diameter. In the organic layer, the A'*C
values of fine roots < 0.5 mm in diameter were on average 9 %o lower than those of

roots between 0.5 and 1 mm in diameter, reflecting a difference in mean age of about 2

77

Fine root loss (mm cm?)



Chapter 4

years. However, fine roots 0.5-1 mm in diameter were slightly enriched in radiocarbon
concentrations compared to those > 1 mm. In 40-60 cm soil depth, the variation in A™C
values between fine roots < 1 mm in diameter and fine roots 1-2 mm in diameter

corresponds to a difference of 3 years.
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Figure 3: The development of A'*CO, in the atmosphere and the mean A'*C values for samples
of recently constructed fine roots (open circles; n = 10) and fresh needles (closed triangles; n =
10) collected in July 2007. The values for atmospheric A'*CO, are based on records in grapes
grown in Russia from 1950 to 1976 (Burchuladze et al. 1989) and atmospheric measurements at
Schauinsland, South Germany from 1977-1996 (Levin and Kromer 1997) and from 1997-2006
(Levin et al. 2008).

AM™C (%)

Table 1: A™C values (mean = SE) for living and dead fine root samples of different diameter
classes and soil depths.

Soil depth  Status  Root @ A'C
(cm) (mm) (%o)
O horizon living <2 83.1+3.1*
dead <2 94.2 +2.9*
living <0.5 68.6 + 3.1
living 0.5-1 77951
living 1-2 73771
0-10 cm living <2 87.0+4.4
10-20 cm living <2 107.7£7.2
20-40 cm living <2 110.8 £ 6.0
40-60 cm living <1 112.9+9.3
living 1-2 133.6 £12.5

* Sample collection occurred in June 2006. All the other samples were collected in 2007.
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The estimated mean age of C in living fine roots < 2 mm in diameter was 5 years in the
organic layer and increased to 13 years in 40-60 cm mineral soil depth (Figure 4). While
fine root ages increased substantially with depth in the upper soil (from 5 years in the
organic layer to 11 years at 15 cm depth), differences in the lower soil were rather small

(from 11 years at 15 cm depth to 13 years at 50 cm depth).
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Figure 4: Estimated ages of fine root samples (mean + SE) in the soil profile based on the results
of accelerator mass spectrometry radiocarbon measurement. Atmospheric A'*C values from
Levin et al. (2008) were used as a proxy for estimating the fine root age of every sample.
Different letters indicate significant differences between different soil depths.

Variation in fine root longevity with determination method and diameter class

We estimated the mean longevity for fine roots of three different size classes based on
the radiocarbon, minirhizotron and sequential soil coring method in the organic layer.
Root longevity estimates (in years) from radiocarbon data ranged from 4.0 to 5.4 and
exceeded those from minirhizotron data (0.7-0.9) and sequential soil coring (0.9) by far
(Table 2). Moreover, fine root longevity tended to increase with diameter: according to
the radiocarbon and minirhizotron approach, fine roots > 0.5 mm in diameter were older

than those < 0.5 mm in diameter by 33 and 29 %, respectively.

79



Chapter 4

Table 2: Longevity (mean + SE) of fine roots from three different diameter classes in the
organic layer as calculated from soil coring, minirhizotron and radiocarbon data.

Mean fine root longevity (years)

Diameter Radiocarbon Minirhizotrons Soil coring
(mm)
<0.5 4.0 £ 0.56 0.7 £0.06
0.5-2 53+0.76 09+0.14
<2 54 +0.53 0.7£0.05 0.9+0.04

Vertical distribution of fine root C/N ratio

The mean C/N ratio of living fine roots was lowest in the organic layer and increased
continuously with soil depth (Figure 5). On average, root C/N ratio increased at a rate of
10 % per 10 cm increase in soil depth. However, the only significant difference in fine
root C/N ratio between two adjacent soil depths occurred for samples of the organic
layer and those at 0-10 cm mineral soil depth. Variability in the C/N ratio also increased
substantially with depth. However, this was due to a decrease in the number of samples
analyzed for C and N contents with soil depth reflecting the reduced fine root

abundance in deeper soil layers.
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Figure 5: C/N ratio of fine root samples (mean + SE) collected in five different soil depths
(organic layer, n=62; 0-10 cm, n=106; 10-20 cm, n=86; 20-30 cm, n=38, 30-40 cm, n=8).
Different letters indicate significant differences in root C/N ratio between different soil depths.

80



Fine root longevity

Variation in fine root longevity with C/N ratio

Because C ages and C/N ratios of fine roots < 2 mm increased with depth at similar
rates, both parameters were found to be positively correlated (r?=0.93; Figure 6).
However, the correlation was only marginally significant (p=0.07) because our results

were based on mean values at four soil depths.
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Figure 6: Relationship between C age (mean + SE) and C/N ratio (mean + SE) of fine roots for
four soil depths (organic layer, 0-10 cm, 10-20 cm, 20-40 cm). Regression equation: y =-16.6 +
0.9x (r*=0.93; p < 0.7).
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Discussion

Fine root biomass and necromass distribution

Fine root biomass up to 40 cm mineral soil depth was 439 g m™ in our study. This result
falls in the middle range of values reported from 25 other stands of Norway spruce in
temperate forests (69-640 g m?; Leuschner and Hertel 2003). Fine root biomass density
was highest in the organic layer and decreased significantly with soil depth. This vertical
distribution of fine root biomass is likely to reflect the availability of nutrients in the
Fichtelgebirge stand. Borken et al. (2007) and Schmid and Kazda (2002) found similar
vertical distribution patterns for fine root biomass of mature Norway spruce on
comparable sites in Germany and Austria. Fine root necromass exceeded fine root
biomass by 25 % in the studied spruce stand. This outcome differs from the results of a
literature review by Jackson et al. (1997) who found that fine root biomass was higher
than fine root necromass in 10 temperate coniferous forests. We propose that our
detailed sorting method, including even the smallest rootlets, led to much higher fine

root necromass values than obtained by conventional analyses.

Dependence of root longevity on root diameter and soil depth

Longevity of fine roots was clearly influenced by root diameter in the present study.
Based on our results from the minirhizotron and radiocarbon approach, fine roots > 0.5
mm in diameter of the organic layer lived, on average, longer than those < 0.5 mm in
diameter by 29 and 35 %, respectively. Similarly, the C age of roots between 1 and 2
mm in diameter was 22 % higher than that of roots < 1 mm in diameter at 40-60 cm
mineral soil depth. Our findings are in accordance with the results of several other
studies using minirhizotrons (Wells and Eissenstat 2001; Baddeley and Watson 2005)
and isotopic analyses (Gaudinski et al. 2001; Matamala et al. 2003; Joslin et al. 2006).
Of particular interest for assessing the relationship between size and longevity of fine
roots is the work of Wells and Eissenstaat (2001), which shows that overwinter
survivorship varied markedly among apple roots differing in diameter by only a few
tenths of millimetres.

The reasons for enhanced fine root longevity with increasing root diameter remain
largely uncertain. The smallest diameter roots typically contain the highest
concentrations of N (Pregitzer et al. 1997; Pregitzer et al. 2002). As a consequence,
these tissues are more efficient in nutrient uptake but also more susceptible to herbivory

and root parasitism than thicker fine roots (Graham 1995). In addition, smaller diameter
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roots were shown to be more vulnerable to abiotic stressors such as soil drought
(Espeleta et al. 1999). It is also rational that high-order roots live longer than low-order
roots because the death of a high-order root entails the loss of all the adjacent lower-
order roots. Since fine root diameters increase with root order (Pregitzer 1997), we
indirectly investigated the influence of branching order on fine root longevity in our
study. Revealing the exact relationship between root diameter and longevity was not
possible by dividing fine roots in two size classes only. However, our findings clearly
showed that the root system in the studied spruce stand consists of at least two fine
root populations turning over at very different time intervals.

Fine root longevity as estimated by radiocarbon analyses increased continuously with
depth. Fine roots in 40-60 cm mineral soil lived longest with 13 years, those in the
organic layer shortest with 5 years. Several other authors found a similar trend for
increasing fine root longevity with soil depth in minirhizotron (Wells et al. 2002;
Baddeley and Watson 2005) and radiocarbon studies (Gaudinski et al. 2001; Joslin et
al. 2006). Pregitzer et al. (1993) created patches of moist soil in a temperate hardwood
forest by adding continuously water through plastic tubes to the soil. They observed that
fine roots lived significantly longer in permanently humid soil patches than outside. Gaul
et al. (2008) found that soil frost decreased fine root longevity in the organic layer of the
studied spruce stand. In our study, fine roots in deeper layers are expected to
experience less fluctuations in soil moisture and soil temperature than those in shallow
soil. Fine root longevity was also shown to be negatively correlated to N availability
(Majdi and Andersson 2005; Majdi and Kangas 1997) and the number of neighbouring
roots as possible competitors (Wells and Eissenstat 2001). In agreement, N availability
and fine root density decreased with soil depth in the studied spruce stand. By relating
root longevity to root biomass for every soil depth interval, we calculated an average

lifetime of 7.6 years for all fine roots in the studied spruce stand.

Longevity estimates as dependent on method

The method of investigation caused by far the strongest influence on estimated fine root
longevity. Sequential coring and minirhizotron observations produced rather similar
results for fine root longevity in the organic layer of the studied spruce stand of less than
1 year in both cases. In contrast, fine roots in the upper soil as investigated by
radiocarbon analyses lived on average more than 5 years, exceeding the values
obtained from sequential coring and minirhizotrons by factors of 6 and 8, respectively.

Our results on fine root longevity from the minirhizotron and radiocarbon approaches
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are in accordance with recent studies using either one or both of these methods
(Gaudinki et al. 2001; Tierney and Fahey 2002; Joslin et al. 2006; Withington et al.
2006; Majdi et al. 2007).

Minirhizotron observations and isotope-based estimates of C age are currently
considered as being the most promising approaches for investigating fine root longevity
(Tierney and Fahey 2002; Guo et al. 2008). However, it remains largely uncertain, why
both methods produce very different results. In that context, it was proposed that
isotopic approaches might underestimate fine root longevity if new roots were built with
old C from senescing tissues or storage pools (Luo et al. 2003; Strand et al. 2008). In
our study, we showed that this was not the case, because fresh fine roots clearly
reflected the radiocarbon signature of the year, in which they were sampled. When
Gaudinski et al. (2001) introduced the radiocarbon approach to estimate fine root age,
they suggested that discrepancies between their results and longevity estimates based
on minirhizotron observations could have been caused by the fact that different pools of
fine roots were investigated. In that context, they assumed that picking roots from the
soil for radiocarbon analyses was likely to miss many small, fast-cycling rootlets, while
observations through minirhizotrons might have under-represented the thicker and less
dynamic fine roots. As a consequence, radiocarbon data usually overestimate actual
fine root longevity, whereas minirhizotron observations may lead to underestimations.
This suggestion was confirmed by two recent studies (Guo et al. 2008; Strand et al.
2008). Strand et al. (2008) found that underestimations of fine root longevity were
particularly relevant in short-duration minirhizotron studies. They showed that fine roots
lived on average by almost 50 % longer in minirhizotron studies conducted over 3 years
compared to those restricted to a period of up to 1 year. Based on their findings, they
assumed that fine root longevity was decreased in short duration studies because the
root systems had not reached equilibria after tube installation. In our study, the fine root
system surrounding the minirhizotron tubes was also not in equilibrium, which could
partly explain the discrepancy between the root longevity estimates from minirhizotron
observations and radiocarbon analyses. Furthermore, we cannot rule out that
ephemeral fine roots were somewhat under-represented in our radiocarbon analyses
although we paid attention to include even the smallest rootlets. However, these two
factors alone are rather unlikely to explain the huge discrepancy between fine root
longevity estimates from both methods. Other reasons like different calculation
approaches for minirhizotron and radiocarbon based estimates may also influence the
results for fine root longevity (Guo et al. 2008; Strand et al. 2008). Sequential coring is

often considered to produce less realistic results on fine root dynamics than direct
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observations through minirhizotrons (Majdi 1996; Hendricks et al. 2006; Majdi et al.
2007). This approach is criticized as an indirect method that requires assumptions
about root growth and mortality, which are difficult to prove (Majdi 2007). In that context,
the minimum-maximum method to calculate fine root production from sequential coring
data presumes an annual pulse of fine root production and that root growth and
mortality occur in temporally isolated phases. In our study, fine root longevity estimates
from soil coring were similar to those based on minirhizotron observations. Fine root
biomass and necromass showed a clear seasonal development in the studied spruce
stand, making soil coring in combination with the minimum-maximum method to a

valuable option for estimating root longevity at this site.

Longevity and C/N ratio

In the studied spruce stand, the C/N ratio of fine root biomass increased with soil depth.
The observed differences in root C/N ratio were caused by decreasing root N
concentrations with depth, while the C concentrations remained stable across the soil
profile (data not shown). Borken et al. (2007) also found that root N concentrations were
lowest in the deepest soil layers of four Norway spruce stands in Southern Germany.
They argue that root N concentrations normally reflect the availability of N in the saill,
which decreases with depth. In accordance, N availability was highest in the organic
layer and decreased continuously with soil depth in the Fichtelgebirge stand (Hentschel
et al. 2007).

Radiocarbon age and C/N ratio of living fine roots increased with depth at similar rates
indicating a positive correlation between both factors in the studied spruce forest.
Similarly, Withington et al. (2006) discovered that fine root life span and root C/N ratio
were significantly correlated in a study on trees of 11 temperate species. They
proposed that fine roots with relatively high N concentrations lived shorter because they

were more susceptible to herbivory.

Conclusion

Fine root longevity in the studied spruce stand is expected to range between 0.7 and
7.6 years. We explain this large variation with the heterogeneity of the fine root system
and suggest that the results from minirhizotron observations reflect the turnover rates of

fast-cycling roots, while those from radiocarbon analyses mirror the rates of long-lived
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roots. In the absence of data on aboveground production, we were not able to quantify
the proportional allocation of C to the fine root system. However, the estimation of
Jackson et al. (1997), that fine roots comprise about one third of NPP, may be realistic
for the studied spruce stand only, if average root longevity is very similar to the results

obtained from minirhizotrons and soil coring, and not to the radiocarbon data.
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Background of the study

Quantifying the effects of expected climate change on fine root dynamics and root-
derived carbon fluxes has been elusive until now. There is not only a lack of knowledge
on the responses of fine roots to changing climatic conditions; even under natural
conditions, growth and turnover of fine roots are difficult to assess due to
methodological restrictions. Fine roots have been considered as highly dynamic,
thereby representing one of the most important components of carbon cycling in forest
ecosystems. Jackson et al. (1997) calculated that more than one third of terrestrial
carbon would be used for the production and maintenance of fine roots if mean root
longevity was one year. Accordingly, fine root turnover times between 5 months and 2
years are mainly reported from root studies using common techniques like sequential
soil coring and observations through minirhizotrons (Gill and Jackson 2000).

More recently, however, a new method to estimate fine root longevity based on
radiocarbon was introduced (Gaudinski et al. 2001). While a range from 5 months to 2
years for root longevity as obtained from traditional methods seemed to be already quite
wide, the results from radiocarbon studies indicated that fine roots may well live for
more than one decade. The discrepancy between longevity estimates increased the
uncertainty about the importance of fine roots as carbon sinks and aroused an intensive
debate on the efficacy of different methods (Strand et al. 2008). Although this debate is
far from being resolved and reliable carbon budgets for fine root systems remain
unavailable, the prospect of climate change urgently requires information on possible
responses of fine roots to abiotic stressors such as drought and frost.

The present study had the objective to investigate the effects of simulated climate
change on the fine root system of mature Norway spruce. In addition, fine root longevity
was estimated using three independent methods with the aim to move forward in the
establishment of reliable carbon budgets for forest ecosystems. The hypotheses of this
study were that (i) soil drought and soil frost increase fine root mortality, thereby leading
to a higher input of root-derived organic matter to the soil pool and that (ii) drought and

frost induced fine root mortality is compensated by higher rates of fine root production.
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Effects of climate change on fine root dynamics and belowground carbon fluxes

The fine root density in the spruce forest was highest in the organic layer and
decreased with soil depth at rates typical for late-successional forest tree species (Gale
and Grigal 1987). Fine root biomass in the studied stand was shown to be characteristic
for that of mature Norway spruce forests at montane elevation with poor nutrient
availability.

The results from sequential soil coring showed that mild soil drought increased fine root
mortality in the organic layer of the studied stand. This finding was in accordance with
most other studies investigating the effects of reduced soil moisture on fine root
dynamics (e.g. Mainiero and Kazda 2006; Meier and Leuschner 2008). Enhanced fine
root production in the organic layer of the spruce stand during drought and after
rewetting compensated for the root losses due to water shortage. According to
Eissenstat et al. (2000), roots are only maintained under drought if the benefit : cost
ratio in terms of water uptake and carbon expenditure is higher than under conditions of
root shedding and construction of new roots. This was apparently not the case in the
present study. Compensation root growth due to soil drought was also observed by
other authors. (e.g. Santantonio and Herrmann 1985). In other studies, however, root
production was shown to stay constant or even decrease as a consequence of water
shortage (e.g. Meier and Leuschner 2008). Vertical displacement of fine roots as often
reported after drought (Persson et al. 1995) could not be proven for this study. In
general, comparing existing studies about the effects of soil drought on fine roots is not
conclusive because the outcomes differ a lot depending on tree species, climate, soil
conditions and the method of investigation. In the present study, there was also a
discrepancy between results obtained from sequential soil coring and those from
minirhizotron observations. This discrepancy was most likely caused by the fact that the
root system in proximity to the minirhizotron tubes had not reached equilibrium until
more than one year after tube installation. Hence, the minirhizotron results were
considered as less realistic because they might have reflected compensation growth,
rather than fine root dynamics in the studied spruce stand (Joslin and Wolfe 1999).
Based on the results from sequential coring, it was calculated that experimental soil
drought led to an additional input of 26 g m™? of carbon and 1.0 g m™ of nitrogen to the
particulate organic matter fraction of the organic layer. By contrast, the general impact
of soil drought on fine root dynamics in the mineral soil seemed to be negligible.

The effects of soil frost on fine root production and mortality were similar to those

observed for soil drought. Sequential coring revealed that the frost treatment increased
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fine root mortality by almost 30 %. Even at temperatures below -5 °C, enhanced fine
root production compensated for the root loss. This was a surprising result, since fine
root growth is expected to cease when temperatures approach the freezing point.
Experimental soil frost was estimated to cause an excess flux of about 20 g m? of
carbon and 0.7 g m™? of nitrogen to the organic layer. In total, frost influenced fine root
dynamics and root-derived carbon fluxes even more than drought because its effects
were not restricted to the organic layer but also recognizable in the upper 25 cm of the
mineral soil. Again, comparing the results of this study to those of other studies is not
easy. While there exists a lot of controversial information about the responses of
drought on roots, the effects of frost on root systems have hardly been investigated. Up
to now, Tierney et al. (2001) conducted the only comparable study in a mature forest.
They removed snow to enhance soil frost and their results on fine root mortality and
root-derived nitrogen fluxes were similar to those of the present study.

The results of the experiments in the spruce stand confirmed our hypotheses that (i) soil
drought and frost increase fine root mortality leading to a higher input of root-derived
organic matter to the soil pool and that (ii) drought and frost enhanced fine root
production to compensate for the losses. The outcome of the present study about
drought and frost effects on fine root systems might be particularly relevant because
results from similar experimental approaches conducted in mature forests are hardly
available. Most other research investigating the responses of fine roots to abiotic
stressors is either conducted under artificial conditions in laboratories, thereby
focussing on seedlings, or consists of gradient studies (e.g. Hansen et al. 1996; Bigras
and Dumais 2005). Applying the results of studies on seedlings under artificial
conditions to assess the impacts of drought and frost on mature forests at the
ecosystem-level is a highly delicate task (Joslin et al. 2000). Similarly, genetic and other
site differences may lead to confusion about the interpretation of results from gradient

studies.

Estimating fine root longevity

A lack of knowledge regarding fine root dynamics strongly limits the accuracy of forest
carbon budgets. In this study, variability of fine root longevity with root diameter, root
C/N ratio and soil depth was investigated using radiocarbon analyses. In addition,
sequential soil coring and minirhizotron observations were applied to compare root

longevity estimates obtained from different methods.
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As expected, thicker fine roots lived on average longer than thinner ones in the studied
spruce stand. Based on our results from the minirhizotron and radiocarbon approach,
fine roots of the organic layer between 0.5 and 2 mm in diameter lived longer than those
< 0.5 mm in diameter by 29 and 35 %, respectively. Several other authors also found a
positive correlation between root diameter and longevity (e.g. Wells and Eisenstat 2001;
Joslin et al. 2006). Smaller diameter roots were shown to be more vulnerable to
herbivory and abiotic stressors such as soil drought (Graham 1995; Espeleta et al.
1999). More recently, it has been suggested that root order might be an even more
appropriate determinant for root longevity than diameter (e.g. Joslin et al 2006). Indeed,
analysing the longevity of fine roots according to their position on the branch system
seems to be a promising alternative. However, because this approach is extremely
labour-intensive, it was not a feasible alternative for the present study.

Radiocarbon analyses showed that fine root longevity increased even stronger with soil
depth than with root diameter. In the organic layer, fine roots lived on average for 5
years, which was about 8 years shorter than in 40-60 cm mineral soil. Fine roots in
deeper layers are expected to experience less fluctuations in soil moisture and soil
temperature than those in surface-near horizons. In addition, root herbivory and
parasitism are most relevant in the upper soil (Graham 1995). Similar to fine root
longevity, root C/N ratio also increased with soil depth. It is expected that carbon and
nitrogen concentrations in root tissue reflect the availability of both elements in the soil
profile (Borken et al. 2007). In agreement, nitrogen availability was highest in the
organic layer and decreased with soil depth in the present study.

The method of investigation influenced fine root longevity more than any other factor.
While the results from sequential coring and minirhizotron observations were quite
similar (< 1 year), radiocarbon analyses produced much higher longevity estimates (> 5
years). The results on fine root longevity from the minirhizotron and radiocarbon
approaches are in accordance with the findings of recent studies using either one or
both of these methods (e.g. Tierney and Fahey 2002; Joslin et al. 2006). It is
remarkable that the application of the two methods lead to extremely different results
because both, minirhizotron observations and radiocarbon analyses are suggested to
provide the most reliable estimates on fine root turnover and longevity (Majdi et al.
2005). An important disadvantage of the present minirhizotron study is the fact that the
fine root system surrounding the tubes was not in a steady state. However, this reason
alone is very unlikely to explain the huge discrepancy between longevity estimates for
both methods. Instead, it is increasingly suggested that the two approaches focus on

dissimilar root populations and use different calculation procedures, thereby producing
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very different outcomes. Actual root longevity in the studied spruce forest ranges most
likely between the results obtained from minirhizotron observations and radiocarbon

analyses.

Concluding remarks

The outcome of this thesis clearly showed that different fractions of the fine root system
cycle carbon at very different rates. However, the study could not fully explain the huge
discrepancies between longevity estimates obtained from different methods. | suggest
that former estimates on the importance of fine roots for terrestrial carbon cycling may
be realistic only, if average root longevity is very similar to the results obtained from
minirhizotron observations and sequential soil coring. By contrast, the contribution of
fine root growth and turnover to net primary production would be much less than
previously expected if root longevity was closely reflected by the results from
radiocarbon analyses.

The present study indicated that future climate change may have a considerable impact
on fine root dynamics in forest ecosystems. Increasing frequencies of drought and frost
were shown to increase fine root mortality and root-derived carbon fluxes in the studied
spruce stand. However, in the absence of data on aboveground biomass, my results do
not allow for the drawing of conclusions about the effects of drought and frost on the
carbon budget of the studied forest. In that context, enhanced fine root turnover may
have drawn on the carbohydrate reserves of the spruce trees, thereby possibly reducing
aboveground productivity. Since the fine root system in the studied stand was typical for
that of mature Norway spruce forests at montane elevation with poor nutrient
availability, the validity of the results from the present study is most likely restricted to
very similar stands. In other forest ecosystems, the potential of fine roots for carbon
sequestration under mild drought and frost remains uncertain. In order to increase the
reliability of predictions on forest carbon budgets under changing climatic conditions,
future studies should focus on a wide variety of ecosystems and investigate both,

below- and aboveground responses of trees to abiotic stressors of different intensities.
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