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Summary 1

SUMMARY 

 
 

GENERAL INTRODUCTION AND THESIS OBJECTIVES 

 

When colonizing the land, photo-autotrophic plants had to acquire the necessary resources 

from aboveground (light, carbon dioxide, oxygen) as well from belowground space (water, 

nutrients, oxygen). Higher plants developed organs that are specialized for acquiring the 

respective resources. Leaves are the organs primarily responsible for aboveground resource 

acquisition whereas roots are the organs most important for water and nutrient absorption. 

Root systems have been rightfully called “the hidden half” of a plant (Waisel et al. 2002) and 

it is the great difficulty to get access to this “half” of plants that still limits our understanding 

of belowground processes. 

Considering the availability of resources, three distinct differences appear between 

belowground and aboveground resource acquisition:  

(i) Modification of the rhizosphere: Light and gases are resources that can be taken up 

readily by the leaf. Belowground resources in contrast, though mostly present, are often 

not plant available. Plants therefore modify the close surrounding of a root (i.e. the 

rhizosphere) in order to improve resource availability (Neumann and Römheld 2002, 

Armstrong and Drew 2002, Inderjit and Weston 2003). 

(ii) Continuous space exploitation: Since gases move freely to and from a leaf surface, the 

activity of a leaf does not alter its resource availability during its lifespan. Owing to the 

chemical reactivity and physical properties of the soil, however, the activity of a root can 

result in pronounced water and nutrient depletion zones if the rate of uptake exceeds the 

supply (Claassen and Steingrobe 1999, Tinker and Nye 2000, Jungk 2002). Therefore, 

not only as an allometric function, continuous space exploitation belowground by new 

root segments is a prominent characteristic in higher plants (Caldwell 1976, Caldwell and 

Richards 1989, Eissenstat and Yanai 1997, Gill and Jackson 2000). 

(iii) Spatio-temporal plasticity in root distribution: Unlike the air, soils are not well mixed 

media. The availability of belowground resources therefore is characterized by high 

spatial heterogeneity. Moreover, gradients in resource availability are not predictable 

(Rowell 1994, Robinson et al. 2003). This patchiness of soil resources and its 
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unpredictability again requires structural, rather than physiological responses of root 

systems, i.e. continuous soil exploitation and a high plasticity in root distribution both in 

space and time (Grime 1994). 

These three characteristics indicate the strong interaction between root systems and the soil 

and they set the scene for my thesis. Generally, the present work focuses on interactions 

between the soil and root systems, as influenced by different supply of one of the most 

important soil resource, notably water. All experiments in this thesis were performed under 

field conditions. 

The basis of this thesis are two axes of water supply (Figure 1). On the first axis, root 

functioning is studied between sites, or years respectively, that differ basically in water 

supply. On the outer ends of axis 1, extreme water supplies with permanent flooding (chapter 

1) and exceptional drought (chapter 3) can be found. Moderate water supply (chapter 4) is 

located between them. On this first level, the respective chapters correspond to at least one of 

the points (i)-(iii) thus determining the respective root function studied. The second axis of 

water supply corresponds to the temporal change of water supply within each site or year. 

Each chapter therefore focuses on the temporal dynamics of the respective parameters as a 

function of varying soil water status. 

The overall hypothesis of this thesis was that differences in water supply on axis 1 affect 

different root functions and that the response of each function is related to the variation in 

water supply on axis 2. 

 

 

Fig. 1: Scheme of the thesis with respect to soil water status as measured in the experiments 
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In case of soil flooding, plants have to overcome severe changes in soil chemistry. When 

water penetrates the soil pores it displaces gases. Oxygen supply to belowground organs then 

is strongly impeded as, firstly, oxygen diffusion through water is slowed and, secondly, 

maximal oxygen concentrations decrease in the liquid phase. The net result is an overall 

resistance to flow which is up to 320.000 times higher in waterlogged soils compared to air 

(Armstrong and Drew 2002, Feng et al. 2002). In combination with respiratory and soil 

chemical processes, soil oxygen then is rapidly consumed and becomes a limiting 

belowground resource resulting in severe inhibition of root growth and nutrient uptake (Ernst 

1990, Armstrong and Drew 2002). Excessive water supply can thus prove harmful or even 

lethal for terrestrial plants (Armstrong 1979). 

In wetland plants, different adaptations evolved that enabled root functioning and thus 

survival under anoxic soil conditions. Besides physiological adaptations (Brändle 1996), the 

most apparent adaptation of wetland plants is the oxygen transport via aerenchyms, through 

the plant body itself, into the organs below ground (Tessenow and Baynes 1978, Armstrong 

1979). Oxygen transport through the cormus of wetland plants takes place as diffusion and in 

some plants as mass flow (Mainiero 2006). Mass flow of air in the plant body is caused by 

different physical effects. “Thermal transpiration” and “humidity induced convection” seem 

to be the most widespread causations for convective air transport and depend on solar 

radiation. These systems therefore enable sufficient oxygen transport to belowground organs 

over long distances but result in large diurnal fluctuations (cf. Dacey 1989, Grosse et al. 1991, 

Armstrong et al. 1992, 1996, Bendix et al. 1994, Brix et al. 1996, 1992, Frick et al. 1997, 

Colmer 2003).  

The lack of molecular oxygen is only one of the severe changes in soil chemistry following 

water-logging. wetland plants have to overcome drastic changes in nutrient availability. If 

water-logging lasts for long time (days to weeks), soil redox potential decreases indicating 

increasingly reducing soil conditions. Under such conditions, elements and compounds get 

successively reduced thereby changing nutrient availability for plants (Ponnamperuma 1972, 

Brändle 1996). Some of the reduced compounds like hydrogen sulfide are phytotoxic 

(Armstrong 1979). Also, toxic heavy metal ions like iron or manganese become soluble and 

plant available and accumulate to high concentrations (Brändle 1996). As a response, wetland 

plants not only transport air to roots but also release oxygen into the rhizosphere. This 

phenomenon is called ”radial oxygen loss” (ROL) (Armstrong 1979, Bodelier 2003). The 

magnitude and spatial distribution of ROL differs between species and also is influenced by 

soil conditions such as the redox potential (Sand-Jensen et al. 1982, Conlin and Crowder 
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1989, Kludze and DeLaune 1996, Chabbi et al. 2000, Wießner et al. 2002, Colmer 2003). 

ROL causes an increase in the redox potential of the rhizosphere and possible harmful 

molecules become reoxidized and thus detoxified. As a result, key locations for nutrient 

absorption and root elongation are protected by aerobic conditions (Armstrong and Drew 

2002, Bodelier 2003).  

Oxygen release by wetland plants was shown to affect the properties of the bulk soil, too and 

it was discussed as the basis of a positive plant interaction (Bertness and Leonard 1997, 

Levine 2000). Accordingly, plants, primarily not adapted to flooded soils, can benefit from 

ROL of adapted species. For example, Hacker and Bertness (1995) found that the less adapted 

Iva frutescens benefited from ROL of Juncus gerardi. Callaway and King (1996) came to 

similar results in a greenhouse experiment with the aerenchymous Typha latifolia and non-

aerechymous Myosotis laxa albeit they could not provide evidence for oxygen enrichment 

under natural conditions. Other field studies showed submersed plants to significantly 

increase redox potential in the rooting zone (Flessa 1994, Tessenow and Baynes 1978, Wium-

Andersen and Andersen 1972).  

These studies, however, did not show whether wetlands plants oxidized the rhizosphere up to 

the level of molecular oxygen. Only the study of Armstrong et al. (2000) provided insight in 

the appearance of molecular oxygen under waterlogged conditions. Accordingly, molecular 

oxygen concentration decreased sharply within a fraction of a millimeter depending on the 

position of the root. The study of Armstrong et al. (2000), however, was performed under 

static and artificial conditions in the laboratory. Up to now, there was no knowledge about 

soil oxygenation under the varying conditions in the field. Indeed, appearance of molecular 

oxygen in the bulk soil is possible if the input via ROL is higher than the consumption. Since 

both oxygen supply and consumption are spatio-temporally not constant, appearance of 

molecular oxygen might also be subject to considerable variation (Callaway and King 1996, 

Christensen et al. 1994). Dealing with point (i) of the introduction, “Modification of the 

rhizosphere”, there were two central questions for chapter 1. Firstly, can wetland plants 

oxygenize a flooded substrate up to the level of molecular oxygen (Figure 1, axis 1)? 

Secondly, is there a temporal variation in oxygen availability? If so, what is the contribution 

of varying soil water content (Figure 1, axis 2) or diurnal variations of aboveground 

parameters that might influence convective oxygen transport in the cormus? 
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The following chapters 3-5 deal with points (ii) and (iii) of this introduction, “continuous soil 

exploitation” and “spatio-temporal plasticity in root distribution”, and thus on structural 

responses of root systems in relation to changes in soil properties. They focus exclusively on 

fine roots which are the most important organs for soil resource acquisition. 

Non-destructive methods are required to study fine root dynamics. Minirhizotrons proved as a 

powerful tool to study the structural dynamics of fine root systems as this methods allows to 

track the fate of individual roots from birth to death in situ (Majdi et al. 2005, Hendricks et al. 

2006). This method is of great value as it is the only present field technique that enables to 

document concurrent fine root formation and mortality. Therefore, it provides access to plants 

that can not be studied in the laboratory such as mature trees. All thesis objectives concerning 

the structural dynamic of fine root systems (chapters 3 and 4) were answered using this 

technique and chapter 2 introduces in this method. This chapter also provides 

recommendations for field practice, for evaluation of the data and for the most useful 

literature. 

During its lifespan, a fine root can change dramatically the availability of nutrients and water 

in the rhizosphere resulting in pronounced decrease in resource availability (Caldwell 1976, 

Caldwell and Jackson 1989, Claassen and Steingrobe 1999, Tinker and Nye 2000, Jungk 

2002). Also, changes in soil properties, such as water supply, affects resource availability of 

the bulk soil. Fine roots are assumed to be maintained only as long as the integral of benefits 

(water and nutrients) outweighs the costs (construction and maintenance) (Eissenstat and 

Yanai 1997, 2002, Burton et al. 2000, Espeleta and Donovan 2002). If this balance becomes 

negative, fine roots are shed and become replaced by new ones in previously unexplored sites. 

In recent years, studies showed that fine roots are remarkably short lived organs with some 

species showing median fine root longevity of only some weeks (Eissenstat and Yanai 1997, 

Hendrick and Pregitzer 1992, Black et al. 1998, López et al. 2001, Ponti et al. 2004, Block et 

al. 2006). Biologists therefore began to understand that fine root systems are highly dynamic 

as soil exploitation by new fine roots and fine root mortality appears concurrently and 

continuously, also in mature perennial plants that do not expand in size any more (Gill and 

Jackson 2000, Eissenstat and Yanai 2002). Since the continuous replacement of fine roots (i.e. 

turnover) causes high construction costs (25% - 33% of the total carbon invested 

belowground;  Hendricks et al. 2006), fine root turnover is one important part in plant 

functioning that we still do not understand in detail (Eissenstat and Yanai 1997, 2002).  

Drought affects the acquisition of soil resources by fine roots as the mass flow of water and 

diffusion of nutrients in the soil is largely impeded. Also, the permeability of the root per se 
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decreases whereas the risk of embolism increases (Caldwell 1976, Sperry et al. 2002). The 

decrease in resource availability during drought therefore might cause the optimal longevity 

of a fine root to decrease, i.e. it increases fine root mortality (Eissenstat and Yanai 2002). 

Indeed, the influence of soil water status on fine root longevity was shown in irrigation 

experiments where fine root longevity increased in response to additional localized water 

supply (Pregitzer et al. 1993). Moreover, in some species, evidence exists that fine root 

formation was stimulated after the cessation of drought periods (Singh and Srivastava 1985, 

Kätterer et al. 1995, Torreano and Morris 1998). Other studies reported net fine root losses or 

supposed higher fine root turnover when comparing mesic with dry sites (Sanantonio and 

Hermann 1985, van Praag et al. 1994). Even though these studies showed responses in fine 

root dynamics to drought, none of them documented fine root formation and mortality 

separately and in concert with temporal changes in soil water availability. Therefore, the aim 

of chapter 3 was to clarify the potential role of fine root turnover as a response to drought. 

Central questions in this chapter were, firstly, whether fine root turnover differs between 

moderate and dry years (Figure 1, axis 1). Secondly, is there an alteration of fine root turnover 

as a response to increasing water shortage during the drought period. Specifically: Does 

drought cause an increase in fine root death, and if so, is there a compensatory increase in fine 

root formation (Figure 1, axis 2)?  

Fine root longevity shows a large variation among different biomes (Eissenstat and Yanai 

1997, Gill and Jackson 2000). According to the concept of Eissenstat and Yanai (1997) the 

optimal lifespan of a fine root might be expected to equal between plant species if soil 

resources are the same. However, there is increasing evidence that fine root longevity depends 

to a large degree on the species itself (Dickmann et al. 1996, Hendrick and Pregitzer 1997, 

Black et al. 1998, Coleman et al. 2000, Ponti et al. 2004). The same approaches that attempt 

to explain variation in leaf life span have been applied to roots (e.g. Chapin 1980, Grime 

1994, Aerts 1995). Accordingly, plants adapted to low nutrient supply are expected to show 

both, a long leaf as well as fine root lifespan. Moreover, several studies reported that also the 

temporal and spatial patterns of soil exploitation by fine roots differ considerably between 

species despite similar soil resource availability (Lyr and Hoffmann 1967, Grime 1994, 

Dickmann et al. 1996, Hendrick and Pregitzer 1997, Coleman et al. 2000, Ponti et al. 2004). 

Indeed, Hendrick and Pregitzer (1997) found a surprisingly weak relationship between water 

availability and fine root activity patterns in a temperate forest ecosystem. Adequately, they 

concluded that patterns of fine root formation and death are primarily endogenously 

controlled and that exogenous factors, such as water availability, exert only a modifying 
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influence. Tierney et al. (2003) came to very similar results but emphasized that the strength 

of environmental control can vary substantially between ecosystems.  

We know that such species-specific traits in fine root dynamics influence the competitiveness 

of a plant, as the corresponding traits aboveground do (Eissenstat and Caldwell 1988, Jackson 

and Caldwell 1989, Schoettle and Fahey 1994, Aerts 1995, 1999, Espeleta and Donovan 

2002). However, our knowledge about the influence of belowground dynamic processes on 

plant competitiveness and thus habitat partitioning is still scarce, in particular in mature 

perennial plants. Chapter 4 therefore compares two mature species of different aboveground 

habit (evergreen vs. deciduous) with respect to patterns of fine root dynamics and their 

relationship to water supply. Contrasting to the previous chapter, the study was performed 

under varying (Figure 1, axis 2) but basically non-limiting water supply (Figure 1, axis 1). 

This chapter addresses the question if an evergreen species not only is characterized by low 

leaf turnover rate but also exhibits the lower fine root turnover under the same edaphic 

conditions. Furthermore, are there differences in the spatial and temporal patterns of fine root 

dynamics and how do they correspond to resource acquisition under varying soil water status? 

 

 

STUDY PLANTS AND AREAS 

The strong selective constraint of soil flooding led to unique plant communities that differ 

largely from the natural vegetation on terrestrial sites. Consequently, the experiments of my 

thesis were performed with different species on the flooded soil and in the forest ecosystems.  

The species, studied in chapter 1, is Carex rostrata Stokes (bottle sedge). This species occurs 

across Central to Northern Europe. It colonizes exclusively flooded soils like banks and 

shores. In Germany, this species mostly occurs on peat land. Survival and deep rooting in 

waterlogged soils with very low redox potential was well documented in earlier studies 

(Fagerstedt 1992, Saarinen 1996, Visser et al. 2000, Steed et al. 2002). Also, the studies of 

Conlin and Crowder (1989), Crowder and McFie (1986) and Allen et al. (2002) provided 

valuable information as they clearly indicated a high degree of adaptation to waterlogged 

conditions in this species. C. rostrata was studied in the wetland “Schwäbisches 

Donaumoos”, ca. 30 km from Ulm. In this area, the species built dense, mono-specific stands. 

This enabled to study species specific effects on soil oxygenation. 

In the terrestrial part ecosystems (chapters 3 and 4), I studied two tree species. The deciduous 

Fagus sylvatica L. (European beech) and the evergreen Picea abies Karst. (Norway spruce) 

are at present the most abundant tree species in Central Europe. Studying their (root) ecology 
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is of particular interest not only because of their high economic value, they also largely 

characterize the appearance of many landscapes in Central Europe. Under natural conditions, 

F. sylvatica is assumed to be the most dominant tree species on a wide range of soil types 

(Ellenberg 1996). Naturally, it occurs in lower altitudes (colline to montane). Its growth is 

favored on calcareous soils in areas with warm and rain-laden summers (Sebald et al. 1993). 

P. abies, in contrast, occurs naturally in higher altitudes (montane to sub-alpine). It 

preferentially growths in areas with cold winters and on wet soils with low base saturation 

(Sebald et al. 1993). P. abies also tolerates chronically nutrient poor soils such as the margins 

of bogs. Forestry practice in Germany has favored P. abies on large areas that naturally would 

be colonized by F. sylvatica. 

The studies on these two tree species were performed in the old-growth forest “Kranzberger 

Forst”, ca. 40 km from Munich and 170 km from Ulm. This experimental site was established 

and is maintained by the “Technische Universität München”. On this site, stands of F. 

sylvatica and P. abies are adjacent thus growing on the same soil and under the same climatic 

conditions. At the time of study, the trees were ca. 60 yr old and reached more than 25 m in 

height. Both built dense stands with closed canopies. There was virtually no understorey so 

that the fine root dynamics observed can be attributed to the respective species. 

Taking advantage of the severe drought in 2003, I studied the influence of soil water shortage 

on fine root dynamics in this year in F. sylvatica. This species was studied not only because it 

constitutes the natural vegetation on the study site, also competitiveness of F. sylvatica 

decreases largely on frequently dry soils (Ellenberg 1996). This drought sensitivity was 

documented on several parameters aboveground (e.g. Beerling et al. 1993, Power et al. 1995, 

Linder et al. 1997, Thomas 2000, Raftoyannis and Radoglou 2002) but up to now there was 

no study that observed the structural response to drought below ground in situ. 

 

 

SUMMARY OF THE CHAPTERS 

 

In Chapter 1, I studied the capability of C. rostrata to oxygenize its substrate up to the level 

of molecular oxygen. In order to assess the influence of the vegetation, a control plot was 

established. There, all plants and their connections to adjacent plants via rhizomes were 

carefully removed. Oxygen was measured in 10 cm soil depth using microoptodes, a novel 

technique exclusively sensitive for oxygen. Oxygen measurements were performed over a 3-

months period on two days per week. On three days, additional 12-h courses with high 
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temporal resolution (hourly measurements) were done with two courses at daylight hours and 

one course over the night. Soil water was measured continuously using a data logger system. 

Supplementary, soil temperature, air temperature and air humidity were measured. At the end 

of the study, plants of a given area were harvested and the density of shoots and 

aerenchymous tissue was determined. 

In accordance with previous studies, C. rostrata was found as a species with successful 

adaptations to soil flooding, such as the formation of aerenchyma with high porosity and high 

shoot density (cf. Sjöberg and Danell 1983, Hultgren 1989a, 1989b, Fagerstedt 1992, 

Saarinen 1996, Visser et al. 2000). Chapter 1 not only documents the survival of C. rostrata 

under water-logged conditions but also provides the first evidence that wetland species 

significantly increase the mean oxygen saturation under the varying conditions in the field.  

Contrasting to partial anoxic conditions in the control plot (axis 1 of this thesis), most sites 

under C. rostrata were shown to exhibit permanent aerobic conditions, i.e. oxygen saturation 

above zero. According to the study of Armstrong et al. (2000), these data points indicate 

oxygen enrichment in the rhizosphere. Such aerobic microsites play a key role for microbes 

and thus for oxidative processes under water-logged conditions (Armstrong et al. 2000, van 

Bodegom 2001, Bodelier 2003, Mainiero 2006). Accordingly, C. rostrata improved the 

aeration of the peat soil. 

The availability of molecular oxygen under Carex, however, was not constant. Instead, it 

varied largely with time (axis 2 of this thesis). The magnitude of the soil oxygenation by C. 

rostrata still depended on general diffusion conditions as indicated by a strong relationship 

between oxygen saturation in the Carex and the control plot. The variation of oxygen 

diffusibility in turn was shown as a consequence of varying soil water content. Accordingly, 

oxygen saturation in both plots decreased drastically as soil water content increased hence 

confirming the role of water as a strong barrier to diffusion (Feng et al. 2002). Under Carex, 

however, a higher level of soil water content was necessary to cause the decline in oxygen 

availability. As a result, the recovery of oxygen saturation was much faster under Carex 

compared to the control plot. Hence, ROL of C. rostrata influenced both, the magnitude as 

well as the temporal dynamics of oxygen availability in the soil. 

Aboveground climatic variables and soil temperature showed no significant influence on 

oxygen saturation under Carex, neither in the medium termed course nor in the 12-h courses. 

Also, oxygen saturation under Carex showed no diurnal variation indicating C. rostrata to 

lack a pressurized ventilation system. Rather, oxygen is transported via diffusion. Hence, soil 
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water content appeared as the primal factor that influenced the overall aeration effect by C. 

rostrata and thus the availability of molecular oxygen in the bulk soil. 

 

Chapter 3 addresses the response of fine root dynamics in F. sylvatica under exceptional 

drought over a time period of one year. In this year, water in the main rooting zone (0-20 cm 

soil depth) was not plant available over a two-months period. I used minirhizotrons to 

determine changes in the static and dynamic characteristics of  the fine root system down to a 

soil depth of 43 cm. Static characteristics were assessed by standing fine root density (SRD), 

i.e. the density of fine roots at a given point in time. Within SRD, two different fractions of 

fine roots were distinguished according to their color. Brown colored fine roots comprised 

suberized fine roots whereas light colored ones comprised unsuberized and mycorhized fine 

roots. Dynamics parameters were fine root formation and mortality. Using the same data 

sensor system as in chapter 1, soil water content and soil temperature were recorded 

continuously.  

The study showed that non-suberized fine roots were the major component in the upper soil 

horizons. In accordance to the study of van Praag et al. (1994), large net losses in non-

suberized fine roots occurred during the drought period in the upper soil strata, whereas SRD 

in lower levels was largely unaffected. If net fine root losses occurred, they were most 

pronounced during an extremely dry period in which soil water was not plant available any 

more. There was no such decrease for suberized fine roots indicating these fine roots being 

much more tolerant to drought. 

During this very dry year, fine root turnover in F. sylvatica took place almost continuously 

but the magnitude did not differ from the subsequent, moderate year (axis 1 of this thesis). 

The rate of fine root formation in F. sylvatica varied largely with time. This variation, 

however, could be explained only to some degree by the variation of soil water status. 

Regression analysis suggested F. sylvatica to lower fine root formation rate as the soil dried 

but this influence was overruled by rising soil temperature resulting in continued fine root 

formation although soil water was not plant available any more. F. sylvatica therefore 

contrasted with species occurring on frequently dry soils as the latter rapidly respond to 

changes in soil water supply by suppressing the formation of new roots during drought and 

initiating it after the soil is rewetted (Singh and Srivastava 1985, Kätterer et al. 1995, 

Armstrong and Yanai 2002). Moreover, F. sylvatica did not relocate fine root formation in 

deeper, still moist soil strata and new roots apparently did not suberize. Such responses, 

however, were discussed as important mechanisms during exceptional drought (Lyr and 
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Hoffmann 1967, Bartsch 1987, Dickmann et al. 1996, Torreano and Morris 1998, Ponti et al. 

2004).  

Similarly, fine root mortality rate showed large temporal variation. Despite the extensive net 

losses observed, however, mortality rate could not be related to soil water status and soil 

temperature. This is in line with recent studies that suggested the influence of soil water 

shortage on fine root mortality being not straightforward. Accordingly, in ecosystems where 

drought is naturally only short and not frequently, the maintenance of fine roots during 

drought is an investment in the long term as normally the soil is rewetted soon (Marshall 

1986, Kosola and Eissenstat 1994, Dickmann et al. 1996, Torreano and Morris 1998). 

Therefore, a retardation of fine root shedding during the drought period most likely obscured  

the relationship between mortality rate and soil water status. 

Hence, concerning the extraordinary soil water shortage on axis 1 as well on axis 2 of this 

thesis, I found a surprisingly weak influence of soil drying on the timing and degree of fine 

root dynamics and its spatial patterns in F. sylvatica. Moreover, as fine root formation did not 

counterbalance mortality, altering fine root turnover seems to be no means in F. sylvatica to 

counterbalance the negative effects of drought. 

 

In chapter 4, fine root dynamics between F. sylvatica and P. abies are compared. The study 

was performed over one year using the same experimental setup as in chapter 3. Contrasting 

to the previous chapter, water supply in this year was moderate with a short drought period 

occurring at the end of summer. Based on the experiences of the previous study, I considered 

data in terms of root number as well as root length in the evaluation process. Additionally, 

soil water was sampled in regular time intervals in each stand and analyzed for nutrient 

content.  

The study showed only minor differences in nutrient content in soil water, soil water supply 

and soil temperature between the stands of F. sylvatica and P. abies. Soil resource availability 

therefore was comparable between the stands. Yet, large between-species differences in fine 

root dynamics appeared indicating species inherent patterns. 

Fine roots of F. sylvatica showed a markedly lower median fine root longevity than those of 

P. abies (beech: 77 d, spruce 276 d, based on root number). The higher fine root longevity in 

P. abies corresponded to much lower annual fine root turnover compared to F. sylvatica 

(beech: 0.58 yr-1, spruce: 0.22 yr-1, based on fine root length). Therefore, in accordance to the 

expectation, P. abies was not only characterized by lower turnover on the leaf but also on the 

fine root level. Chapter 4 therefore provides the first evidence for mature trees that tissue 
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retention is an adaptation for aboveground as well as belowground organs. In accordance with 

previous studies, I suggest the low degree of tissue shedding in P. abies as an adaptation to 

low nutrient supply (Schoettle and Fahey 1994, Aerts 1995, 1999, Espeleta and Donovan 

2002, Craine et al. 2002, Tjoelker et al. 2005).  

Soil exploitation, as indicated by root length formation rate, varied largely with time in both 

species. Fine root formation in F. sylvatica was significantly related to soil temperature but 

not to soil water content. Indeed, the maximum in root growth rate coincided with a time 

period most favorable for nutrient uptake (June/July), i.e. in warm soil and prior to summer 

drought. Fine root growth in P. abies largely contrasted to F. sylvatica as there was neither a 

relationship to soil water status nor to soil temperature. Instead, root growth maximum in P. 

abies occurred in a time period as the soil was very dry and began to cool 

(September/October). Moreover, root growth in F. sylvatica was significantly influenced by 

the factor soil depth and there was an interaction time x soil depth indicating a higher spatio-

temporal heterogeneity in fine root formation compared to P. abies . 

The two species also differed in spatio-temporal patterns of fine root mortality. Mortality rate 

in F. sylvatica varied significantly with time and soil depth and there was a significant 

interaction time x soil depth. None of these influences were found for P. abies, again 

indicating a higher heterogeneity in spatio-temporal patterns of fine root mortality in F. 

sylvatica. Moreover, fine root mortality in P. abies showed no relationship to soil water 

content nor to soil temperature. In contrast, fine root mortality in F. sylvatica scaled positively 

with soil water content and soil temperature, indicating increasing mortality under conditions 

actually most favorable for nutrient uptake, i.e. high water supply and nutrient availability. As 

a result, fine root mortality in F. sylvatica was largely concerted with recent soil exploitation, 

whereas the two processes appeared rather independent in P. abies.  

Thus, it appeared that belowground resource capture differs largely between the two species 

studied. F. sylvatica acquires soil resources by means of short lived fine roots that are 

primarily invested in a time interval most favorable for instant nutrient uptake provided that 

there are mesic climatic conditions. In the time when fine root formation is maximized, an 

adequate fraction of older fine roots are shed, i.e. fine root turnover is accelerated. Also, there 

is evidence that fine roots of F. sylvatica are invested and shed with a higher spatial precision 

than in P. abies. Soil exploitation in P. abies, in contrast, takes place predominantly by fine 

roots with lifetimes that cover a large proportion of the year. These fine roots remain 

functional also in times of low resource availability such as summer drought or winter. 

Consequently, soil exploitation in P. abies does not necessarily have to be concentrated in 
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times that are favorable for nutrient uptake. Rather, fine roots of P. abies integrate their 

benefits over a longer time period resulting in a higher homogeneity of soil resource 

acquisition compared to F. sylvatica, both in space and time. The homogenous soil 

exploitation in turn results in low spatio-temporal variation of fine root mortality.  

 

 

CONCLUSIONS 

 

C. rostrata colonized a substrate with permanent high water supply and thus anoxic 

conditions although organs of this species are physiologically not adapted to soil anoxia 

(Armstrong and Boatman 1967, Barclay and Crawford 1982, Sjöberg and Danell 1983). 

Therefore, the morphological adaptations found, appear as vital in order to survive the 

excessive water supply. These adaptations in turn enabled adequate root functioning, i.e. soil 

oxygenation by ROL. Since the overall aeration effect by C. rostrata was largely influenced 

by variation in water content, water supply on this site was a strong predictor for root 

functioning and its response. 

Contrasting to the dominant role of water supply in flooded soils, soil water status was a very 

weak determinant for fine root dynamics in the temperate forests studied within and between 

years of moderate water supply and drought (chapters 3 and 4). Moreover, F. sylvatica and P. 

abies showed strikingly different root growth and mortality patterns although soil resource 

availability was comparable. Therefore, in accordance with Hendrick and Pregitzer (1997) 

and Tierney et al. (2003), I suggest patterns of fine root activity in temperate forests to be 

under large endogenous control. Accordingly, it appears that there is a belowground 

phenology as it is obvious for aboveground organs. 

Such species inherent patterns of fine root dynamics seem to be advantageous only under 

mesic conditions with non-limiting water supply. The patterns become disadvantageous if the 

climatic conditions change as there are belowground costs without the adequate benefits on 

the whole plant level. Most likely, the spatio-temporal patterns of fine root dynamics are one 

reason for the reduced vigor of F. sylvatica and P. abies under frequent drought (Ellenberg 

1996). In accordance with Linder et al. (1997), I propose increasing occurrence of drought, as 

predicted by future climatic models, causing competitiveness in F. sylvatica and P. abies to 

decrease, consequently altering tree species composition in Central Europe. 

The high fine root longevity and the homogenous spatio-temporal pattern of fine root 

dynamics indicates P. abies as a species with important belowground preadaptations to 
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environments low in nutrient availability (Chabot and Hick 1982, Grime 1994, Aerts 1995, 

1999, López et al. 2001, Espeleta and Donovan 2002, Craine et al. 2002, Eissenstat and Yanai 

2002). The large differences in fine root dynamics between F. sylvatica and P. abies therefore 

appear as important preadaptations resulting in habitat partitioning between the two species.  

Hence, contrary to the general hypothesis, the influence of water supply as a determinant in 

root functioning was given only on the flooded site. The structural dynamics in fine root 

systems of temperate forests ecosystems, however, could not be related to soil water status 

neither on axis one nor on axis two of this thesis. Therefore, the influence of water supply on 

root functioning can not be generalized. Rather, site conditions and endogenous patterns must 

be considered in order to assess the relationship between root functioning and soil water 

status. 
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Zusammenfassung 

 

Allgemeine Einleitung  

 

Die vorliegende Dissertation umfasst drei experimentelle Kapitel, die sich mit 

Wurzelfunktionen entlang eines Gradienten der Wasserversorgung auseinandersetzen. Dieser 

Gradient umfasst permanente Überflutung (Kapitel 1) und außergewöhnliche Trockenheit 

(Kapitel 3) als Extreme sowie moderate Wasservorsorgung (Kapitel 4). In den beiden 

letztgenannten Kapiteln wurde die gleiche Methode verwendet und Kapitel 2 umfasst eine 

Einführung in diese Technik. Alle Versuche wurden unter Feldbedingungen durchgeführt, 

sodass die Betonung dieser Arbeit auf der natürlichen Schwankung der Wasserversorgung 

liegt. Als allgemeine Hypothese wurde angenommen, dass grundsätzlich verschiedene 

Wasserversorgung unterschiedliche Wurzelfunktionen erfordert und dass das Ausmaß der 

jeweiligen Funktion in engem Zusammenhang mit zeitlichen Schwankungen der 

Wasserversorgung steht. 

Im Falle von Überflutung steht Wasser praktisch unbegrenzt zur Verfügung. Wasser ist 

jedoch eine starke Barriere für das Diffusionsvermögen von Sauerstoff im Boden, sodass nach 

Überflutung die Sauerstoffnachlieferung dem Verbrauch durch Atmungsprozesse nicht 

nachkommt. Überflutete Böden sind daher durch Anoxie, bzw. Hypoxie und infolgedessen 

durch stark veränderte Nährstoffverfügbarkeit und der Akkumulation toxischer Verbindungen 

gekennzeichnet. Die wichtigste Anpassung von Feuchtgebietspflanzen ist daher die Bildung 

von Aerenchymen, die eine Luftleitung innerhalb des eigenen Pflanzenkörpers hin zu den 

Wurzeln gewährleisten. Zusätzlich wird der so transportierte Sauerstoff an gezielten Stellen 

des Wurzelsystems ausgeschieden, sodass entscheidende Positionen wie Wurzelspitzen durch 

eine dünne Hülle aerober Bedingungen geschützt sind. 

In den vergangenen Jahren vermittelte eine Fülle von Studien einen detaillierten Einblick, wie 

Feuchtgebietspflanzen Sauerstofftransport zu den Wurzeln realisieren und optimieren. Über 

die Einflussnahme der Verfügbarkeit von Sauerstoff im Boden jedoch, war bislang nur wenig 

bekannt und eine Studie unter wechselnden Feldbedingungen fehlte vollständig. Kapitel 1 

setzt sich mit der Frage auseinander, ob die Anwesenheit einer aerenchymatischen Pflanze die 

Verfügbarkeit von molekularem Sauerstoff in einem überfluteten Boden verbessert und ob 
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diese Fähigkeit von wechselnden Wassergehalten beeinflusst wird. Die Studie wurde an einer 

in  Mittel- und Nordeuropa weit verbreiteten Pflanze, Carex rostrata, durchgeführt. 

Die folgenden Kapitel 3 und 4 behandeln den Einfluss unterschiedlicher Wasserversorgung 

auf die strukturelle Dynamik von Wurzelsystemen. Beide Kapitel behandeln ausschließlich 

Feinwurzeln, die wichtigsten Organe zur Aufnahme von Wasser und Nährstoffen. Die 

Experimente wurden an adulten Bäumen von Fagus sylvatica und Picea abies durchgeführt.   

Trockenheit ist ein Faktor, der erheblich die unterirdische Ressourcenverfügbarkeit und 

infolge die Gesamtproduktion von Pflanzen einschränkt. Es existieren zahlreiche Hinweise, 

dass eingeschränkte, bzw. wechselnde Wasserversorgung Reaktionen in der 

Feinwurzeldynamik verursachen können. Diese Studien jedoch basierten meist auf der 

Untersuchung von Wurzeldichten, d.h. der Nettobilanz von Neubildung und Mortalität oder 

sie beleuchteten nur einen der beiden letztgenannten Parameter. Eine Studie, die 

Feinwurzelneubildung und Mortalität während einer Trockenheit getrennt und in situ 

verfolgte, fehlte jedoch bislang. In Kapitel 3 wird daher die Rolle von Feinwurzeldynamik 

und -umsatz während einer ungewöhnlichen Trockenphase behandelt. Im speziellen wird 

betrachtet, ob Trockenheit die Feinwurzelmortalität erhöht und ob dies durch erhöhte 

Feinwurzelneubildung kompensiert wird, d.h. ob der verminderten Verfügbarkeit von Wasser 

mit einer Erhöhung des Feinwurzelumsatzes begegnet wird. 

Das Ausmaß von Feinwurzelumsatz, bzw. die durchschnittliche Lebenslänge einer 

Feinwurzel schwankt in hohem Maße zwischen verschiedenen Biomen. Eine zunehmende 

Anzahl an Studien zeigt, dass diese Parameter zwar von edaphischen Faktoren beeinflusst 

werden, dass jedoch die große Bandbreite, die gefunden wurde, vornehmlich arteigene 

Eigenschaften sind. Befunde für artspezifische Merkmale existieren auch für raumzeitliche 

Muster von Feinwurzelneubildung und -mortalität. Obgleich artspezifische Merkmale die 

Konkurrenzfähigkeit einer Art direkt beeinflussen, ist unser Wissen darüber im wesentlichen 

auf oberirdische Prozesse gegründet.  

In Kapitel 4 werden daher F. sylvatica und P. abies hinsichtlich des Ausmaßes und des 

Zeitpunktes des Feinwurzelumsatz verglichen. Die zentrale Frage für dieses Kapitel war, ob 

eine immergrüne Art unter gleicher Ressourcenverfügbarkeit eine höhere durchschnittliche 

Lebensdauer von Feinwurzeln aufweist als eine laubwerfende Art. Ferner wurde untersucht, 

ob Unterschiede im zeitlichen Muster des Feinwurzelumsatzes auftreten und wie diese mit der 

Wasserversorgung in Beziehung stehen. 
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Zusammenfassung der Kapitel 

 

Kapitel 1 dokumentiert erstmalig, dass die Sauerstoffausscheidung von Wurzeln einer 

Feuchtgebietspflanze die Sauerstoffgehalte im Boden signifikant erhöhen kann. Die 

überwiegende Anzahl der Messpunkte unter C. rostrata war von andauernd aeroben 

Bedingungen gekennzeichnet. Die Verfügbarkeit von Sauerstoff hing jedoch immer noch 

stark vom Diffusionsvermögen im Boden ab. Letzteres wurde besonders von schwankenden 

Bodenwassergehalten beeinflusst. So nahm die Sauerstoffverfügbarkeit nach Überschreiten 

eines bestimmten Wassergehaltes drastisch ab. Die Anwesenheit von C. rostrata bewirkte 

jedoch, dass nach einer solcher Abnahme, die Sauerstoffsättigung rascher zunahm als in einer 

unbewachsenen Fläche. C. rostrata nahm daher Einfluss sowohl auf die Höhe der 

Sauerstoffverfügbarkeit als auch auf die durch Wassergehaltschwankungen hervorgerufene 

zeitliche Dynamik. Diese Fähigkeit konnte maßgeblich auf die erfolgreichen morphologische 

Anpassungen, wie hoher aerenchymatischer Anteil und hohe Sprossdichte, zurückgeführt 

werden. 

In Kapitel 3 wurde der Zusammenhang von Trockenheit und Feinwurzeldynamik an F. 

sylvatica untersucht. Die Arbeit zeigte, dass extreme Trockenheit keinen signifikanten 

Einfluss auf die Höhe des Feinwurzelumsatzes nahm. Feinwurzelneubildung und -mortalität 

fanden während der gesamten Trockenperiode simultan statt. Innerhalb der Trockenperiode 

übte die Wasserversorgung einen sehr geringen Einfluss auf die Feinwurzelneubildung aus, 

sodass Feinwurzeln auch dann noch gebildet wurden, als das Bodenwasser nicht mehr 

pflanzenverfügbar war. Darüber hinaus verlagerte F. sylvatica die Neubildung von 

Feinwurzeln nicht in tiefere, noch feuchte Bodenhorizonte. Vielmehr wurden bevorzugt 

wenig trockenresistente (mykorhizierte und nicht-suberenisiernde) Feinwurzeln in obere 

Bodenhorizonte investiert. Diese Prozesse unterschieden F. sylvatica stark von Arten, die auf 

regelmäßig trockenfallenden Böden vorkommen. Die Feinwurzelmortalität überstieg die 

Neubildungsrate, sodass starke Verluste an Feinwurzeln auftraten. Dieser Verlust war 

besonders hoch in den oberen Bodenhorizonten. Feinwurzeln wurden vermutlich mit einer 

zeitlichen Verzögerung zu Änderungen im Bodenwassergehalt abgestoßen, sodass trotz der 

starken Verluste die Mortalitätsrate in keiner direkten Beziehung mit der Veränderung der 

Wassergehalte stand.  

Insgesamt erschien damit kein Hinweis, dass eine Änderung der Wasserverfügbarkeit eine 

entsprechende Reaktion des Feinwurzelumsatzes hervorruft.  
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Kapitel 4 vergleicht den Feinwurzelumsatz, bzw. die durchschnittliche Lebenslänge einer 

Feinwurzel sowie die raumzeitlichen Prozesse zwischen der immergrünen P. abies und der 

laufwerfenden F. sylvatica unter moderater und jahreszeitlich tpyischer Wasserversorgung. 

Trotz sehr ähnlicher edaphischer Verhältnisse, erschienen weitreichende Unterschiede in der 

Feinwurzeldynamik, die sehr verschiedene Arten der unterirdischen Ressourcennutzung 

kennzeichnen.  

In Übereinstimmung mit der Annahme, wies P. abies eine höhere durchschnittliche 

Feinwurzellebenslänge als F. sylvatica auf. Der höheren Lebenslänge entsprach ein geringerer 

Feinwurzelumsatz. Die Feinwurzelneubildung stand in keiner der beiden Arten im 

Zusammenhang mit der Wasserversorgung. F. sylvatica investierte jedoch einen Großteil der 

neugebildeten Feinwurzeln in ein Zeitintervall, das gute Bedingungen für die 

Nährstoffaufnahme bot, d.h. der Boden war warm und die Wasserverfügbarkeit hoch 

(Juni/Juli). Zeitgleich hohe Mortalitätsraten zeigten, dass der Feinwurzelumsatz von F. 

sylvatica allgemein gesteigert wurde. Im Unterschied dazu fand der überwiegende Teil der 

unterirdischen Raumeroberung von P. abies mittels Feinwurzeln statt, deren Lebenslänge ein 

Großteil des Jahresverlaufs abdecken. Der Zeitpunkt ihrer Investition spielt daher eine 

weniger bedeutende Rolle als dies bei den kurzlebigen Feinwurzeln von F. sylvatica der Fall 

ist. So maximierte P. abies die Neubildungsrate in einem Zeitintervall, der vordergründig als 

ungünstig für die Nährstoffaufnahme erschien (September/Oktober), d.h. in dem Wasser 

kaum verfügbar war und der Boden bereits stark abkühlte. Diese Feinwurzeln existieren 

jedoch aufgrund ihrer hohen Lebensdauer noch bis in die folgende Vegetationsperiode und 

provitieren so von kommenden Mineralisationsschüben. Feinwurzeln von P. abies wurden 

weitgehend unabhängig von der stattfindenden Raumeroberung, mit einer nahezu konstanten 

Rate abgestoßen. Ferner wurden Hinweise gefunden, dass die Raumeroberung mittels 

Feinwurzeln, ebenso wie deren Mortalität, mit einer höheren räumlichen Präzision bei F. 

sylvatica stattfinden als bei P. abies. Die Erschließung unterirdischer Ressourcen bei P. abies 

war daher von einer viel höheren räumlichen wie zeitlichen Homogenität geprägt als die von 

F. sylvatica.  
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Fazit und Schlussfolgerungen 

 

Obgleich C. rostrata physiologisch nicht an anaerobe Bedingungen angepasst ist, kann diese 

Art überflutete Böden erfolgreich besiedeln. Die gefundenen morphologischen Anpassungen 

erscheinen daher als entscheidend, die Folgen übermäßig hoher Wasserversorgung zu 

überleben. Diese Anpassungen wiederum ermöglichten die Einflussnahme auf die 

Sauerstoffverfügbarkeit im Boden. Da der Belüftungseffekt von C. rostrata immer noch stark 

von den Bodenwassergehalten beeinflusst wurde, erscheint die Wasserversorgung auf diesem 

Standort als eine Größe, die Wurzelfunktionen und deren Wirkung besonders stark 

beeinflusst.  

Obgleich Wasser eine grundlegende Bodenressource darstellt, spielte dessen Verfügbarkeit 

eine untergeordnete Rolle bei der Einflussnahme auf die Feinwurzeldynamik von F. sylvatica 

und P. abies. Dies galt für Schwankungen innerhalb eines Jahres ebenso wie für extreme 

Unterschiede in der Wasserversorgung zwischen den Jahren. Diese weitgehend unabhängige 

strukturelle Dynamik lässt auf eine starke endogene Kontrolle der Aktivitätsmuster von 

Feinwurzeln in temperaten Wäldern schließen. 

Im Hinblick auf F. sylvatica erscheint eine solch endogenes Muster nur unter entsprechenden 

klimatischen Rahmenbedingungen von Vorteil zu sein, d.h. wenn eine ausreichende 

Wasserversorgung gewährleistet ist. Dieses Muster schlägt jedoch in ein Nachteil um, wenn 

sich die äußeren Bedingungen ändern, da bei starker und lang anhaltender Trockenheit hohe 

Konstruktionskosten ohne einen adäquaten Nutzen entstehen. Dieses Muster trägt 

wahrscheinlich zu der verringerten Konkurrenzfähigkeit von F. sylvatica auf regelmäßig 

trockenfallenden Böden bei.  

Der geringere Blatt- als auch Feinwurzelumsatz sowie die vergleichsweise homogene 

unterirdische Raumeroberung durch P. abies, kennzeichnet diese Art mit entscheidenden Prä-

adaptationen für nährstoffarme Böden. Die weitreichenden Unterschiede in der 

Feinwurzdynamik zwischen F. sylvatica und P. abies erscheinen daher als wichtige, bislang 

unbeachtete Arteigenschaften, die schließlich zu unterschiedlichen ökologischen Optima der 

beiden Baumarten führen. 

Im Gegensatz zur allgemeinen Hypothese scheint damit eine Bedeutung der 

Wasserversorgung für Wurzelumsatz und -funktionen nur auf den von Überflutung geprägten 

Flächen zu gelten. Eine solche Beeinflussung lag jedoch nicht in den terrestrischen 

Ökosystemen vor. Der Einfluss von Wasserversorgung auf Wurzelfunktionen kann damit 
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nicht verallgemeinert werden und muss für die jeweiligen Standortsbedingungen und 

endogenen Muster getrennt betrachtet werden. 
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Effects of Carex rostrata on soil oxygen in relation to soil moisture 
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1.1 SUMMARY  

Many wetland plants are faced with severe edaphic problems. Long term flooding effects a 

sequence of chemical processes that result in soil anoxia and production of several phytotoxic 

compounds. In order to maintain an aerobic root respiration wetland plants produce 

aerenchyms that enable oxygen conduction through the plant body to underground organs. 

Moreover wetland plants are able to release oxygen into the soil. This aeration effect of 

wetland plants in turn can influence soil chemistry considerably and protects roots by an 

aerobic rhizosphere. Oxygen release by underground organs of aerenchymous plants has been 

well documented in laboratory investigations but not under field conditions. In this study, 

dynamics of oxygen saturation were measured together with soil water content and 

microclimatic parameters. Measurements were carried out in a lowland peat covered by Carex 

rostrata Stokes from July to October 2001. Oxygen saturation was quantified using novel 

optical sensors (microoptrodes). The presence of C. rostrata significantly increased oxygen 

content in the soil. Mean oxygen saturation under C. rostrata (56.0 %) was significantly 

higher than in a control plot without vegetation (26.6 %). Due to fluctuating water content, 

oxygen saturation in both plots was characterized by pronounced temporal variation. 

Increasing soil water content caused an extreme decline of oxygen saturation in both plots and 

led to anoxia in the control plot. In presence of C. rostrata, the decline in soil oxygen took 

place at significantly higher water content (68.5 % compared to 67.5 % in the control plot) 

which is substantial as the mean water contents varied between 67 and 69 % during the 

measurement period. 
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Abbreviations: ROL – radial oxygen loss; SEM – scanning electron microscope; TDR – time 

domain reflectometry  

1.2 INTRODUCTION 

Plants growing on at least temporary flooded soils have to overcome severe edaphic 

problems. With increasing water content gases are displaced from soil pores. As gas diffusion 

in water is about 104 times lower than in air, oxygen supply to the underground plant organs is 

strongly impeded (Feng et al. 2002). Residual oxygen is then rapidly consumed by respiration 

and chemical processes so that soil becomes hypoxic or anoxic within few days or even some 

hours after submergence (Ernst 1990, Ponnamperuma, 1972). Long lasting water logging 

result in decrease of soil redox potential so that elements become successively reduced. Some 

of the reduced compounds like ammonium, hydrogen sulfide, lower alcohols and lower fatty 

acids are phytotoxins (Armstrong 1979). Additionally heavy metal ions like iron or 

manganese become soluble and plant available and accumulate to phytotoxic concentrations 

(Brändle 1996). Different adaptations to these effects have been described. In addition to 

physiological adaptations like different kinds of fermentation (Brändle 1996) the most 

apparent adaptation of wetland plants is the creation of aerenchyms. Aerenchyms enable 

transport of oxygen from the atmosphere and/or oxygen originating from photosynthesis 

through the plant body to the buried organs (e.g., Armstrong 1979, Tessenow and Baynes 

1978). Already Conway (1937) showed that oxygen in roots of wetland species occurred at 

nearly atmospheric saturation. Moreover wetland plants, as well as submersed plants, are 

known to release oxygen from their roots, a phenomenon called ”radial oxygen loss” (ROL) 

(e.g., Armstrong 1979). ROL can take place in different amounts and at different locations of 

roots (Colmer 2003, Sand-Jensen et al. 1982) but often it occurs at the laterals and close to the 

root tip. As a result the soil redox potential increases and possible harmful molecules become 

reoxidized and thus detoxified. Thus key locations for nutrient absorption and root elongation 

are protected by aerobic conditions. Apparent evidence for ROL are iron-plaques in the close 

vicinity around roots of wetland species (e.g. Brändle 1996, Crowder and Macfie1986).  

Since molecular oxygen in soils is a net balance of supply (supply from the soil surface and 

ROL) and consumption (respiration by underground plant organs, heterotrophs and chemical 

bonding) molecular oxygen may appear despite low diffusion rates in the soil, provided that 

input via ROL is high enough to exceed consumption. Since both oxygen supply and 

consumption are spatio-temporally not constant, appearance of molecular oxygen depends on 

environmental factors (e.g. Callaway and King 1996, Christensen et al., 1994). Several studies 

reported pressurized ventilation systems in wetland plants that provide buried rhizomes 
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effectively with oxygen (Armstrong et al. 1992, Dacey 1981). However studies dealing with 

such influence on soil properties are rare. Submersed plants were proved to significantly 

increase redox potential in the rooting zone (Flessa 1994, Tessenow and Baynes 1978, Wium-

Andersen and Andersen 1972). Studies on ROL of emergent wetland plants focused on the 

role of redox potential around the roots (Kludze and DeLaune 1996, Wießner et al. 2002) or 

on locations of oxygen release (Chabbi et al. 2000, Conlin and Crowder 1989). They clearly 

showed the ability to release oxygen, however they were mainly carried out under static and 

artificial conditions. Hacker and Bertness (1995) found in a field study that the less adapted 

Iva frutescens L. benefited from ROL of Juncus gerardi Loisel. Callaway and King (1996) 

came to similar results in a greenhouse experiment with Typha latifolia L., albeit they could 

not provide evidence for oxygen enrichment under natural conditions.  

Investigations of soil oxygen content in the presented study were done in a lowland peat fen 

covered by Carex rostrata Stokes (bottle sedge). This sedge is known to tolerate flooding 

(Fagerstedt 1992, Steed et al. 2002) and it survives in soils with low redox potential (Visser et 

al. 2000). Rhizomes apparently benefit from internal oxygen transport from mother plants 

(Armstrong and Boatman 1967). The species was already shown to release oxygen under 

laboratory conditions (Conlin and Crowder 1989) and iron plaques were found around its 

roots (Crowder and McFie 1986) indicating a considerable amount of ROL. According to 

Saarinen (1996), who studied C. rostrata in a boreal mesotrophic fen, the investment in fine 

root biomass is high (78 % of total biomass) with roots found to more than 2 m depth, 

indicating good adaptability for supplying buried organs with oxygen. Thus influence of 

anoxic soil conditions on C. rostrata and its adaptations are relatively good documented. 

However there is no knowledge to which extent this species influences soil oxygen content.  

The objective of this work was to study the potential influence of ROL by C. rostrata on soil 

oxygen content in a lowland peat under naturally fluctuating field conditions. The hypothesis 

was that this wetland species is able to release so much oxygen that in spite of consumption 

(respiration by underground plant organs, heterotrophs and chemical bonding) molecular 

oxygen appears in the soil. A further aim was to clarify to which extent soil water content, 

soil temperature, air humidity and air temperature can influence the oxygen saturation in the 

wetland peat.  
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1.3 MATERIALS AND METHODS 

1.3.1 Study site 

The study plot is located in Southern Germany within the large wetland area ”Schwäbisches 

Donaumoos“ ( 48° 29`N, 10° 12`E, 450 m a.s.l.).  It is colonized by different representatives 

of marsh (Phragmites australis Trin. ex Steud, Typha latifolia L.) and fen vegetation (Carex 

paniculata L., C. nigra (L.) Reichard, C. pseudocyperus L., C. rostrata). The nutrient-rich 

peat of this area is characterized by high nitrogen contents of up to 3% and pH (H2O) values 

between 6.0 and 6.9. The investigated Carex rostrata Stokes colonizes wet or even flooded 

medium chalky banks and shores (Griese 1998). In the habitat under study, it grew on peat in 

monospecific stands or associated with T. latifolia. Measurements were done in a dense 

monospecific stand of C. rostrata of about 100 m2 in area. Plant height ranged between 40 

and 60 cm and intensive rooting was found between 0 –15 cm. A control plot was created 

within the same stand. Here, all plants were removed over an area of about 3 m2 by cutting the 

stems at ground level with a knife. Connections via rhizomes and roots to the surrounding 

plants were severed by spade cuts. Seedlings and tillers were removed when they appeared. 

All these activities were performed from the margins of the control plot so that no soil 

compaction or other changes of physical properties occurred. Glass fibers of the probes were 

long enough to permit oxygen measurements in about 2 m distance from the plot. Thus the 

physical soil properties remained unchanged and oxygen detected in the control plot could 

have reached the sensors only by diffusion from the soil surface. However, removing the 

plants increased the mean soil temperature by 1.5 K. 

 

1.3.2 Oxygen measurements 

Optical sensors (microptodes), working on the basis of fluorescence were used to determine 

soil oxygen. The optical sensors used (type B2, Presens, Regensburg, Germany) consist of a 

glass fiber with a luminophor applied to its tip. Oxygen interacts with the luminophor by 

reversible binding, thereby changing the fluorescence characteristics (Holst et al. 1997, 

Klimant et al. 1995). A light wave is emitted from a gauge (Microx TX, Presens, Regensburg, 

Germany) through the glass fiber to the luminophor. The remitted light wave is conducted 

back to the gauge. The shift in phase angle between the stimulating light wave and the 

fluorescence response is compared and directly related to oxygen saturation (see Gansert et al. 

2001 for more information). Except cross sensitivity for gaseous sulfur dioxide and gaseous 
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chlorine, microoptodes are exclusively sensitive to oxygen. Oxygen is not consumed by 

probes themselves (Holst et al. 1997, Klimant et al. 1995). There is no interaction with carbon 

dioxide, hydrogen sulfide, ammonia or any ionic species and sensors are applicable from pH 1 

to pH 14. Due to their extreme small dimensions microoptodes enable a high spatial 

resolution. 

Two calibration values are required to convert phase angles to oxygen saturation, one in total 

absence of oxygen and one in water-vapor saturated air. Since these values depend on 

temperature and every probe has its own characteristic values, all microoptodes were 

calibrated separately. Values in absence of oxygen were obtained in a 1 % Na2S2O4 solution. 

Bleaching of the luminophor due to numerous measurements causes shifts of the calibration 

values and collecting 100000 data points result in an error of 1.6 % air saturation. In this 

study each probe was used for about 500 single measurements and therefore permanent drift 

was not accounted and sensors were not re-calibrated. Therefore oxygen probes were left 

installed permanently at measuring points. 

Oxygen probes were placed in 10 cm depth, corresponding to the results of Saarinen (1996), 

who found the greatest proportion of underground biomass of C. rostrata in a boreal fen in 

the uppermost 30 cm. Furthermore, Allen et al. (2002) recently reported that ROL of C. 

rostrata is highest in 5 – 10 cm depth. In order to assess spatial variation within the plots, four 

probes were installed in each plot (vegetation and control). Data were collected twice a week 

between 9.00 and 11.00 a.m. from July 13 to Oct. 7, 2001. Even though this study focused on 

the medium-term dynamics, three 12 h courses were measured on July 24 and August 14 and 

one course during the night of July 30, 2001. The readings started in early morning or late 

evening, respectively and were continued roughly at hourly intervals for each sensor. These 

short-term data were treated separately from the medium term data. The starting value from 

each course was used in further calculation of the general relationship between medium-term 

soil oxygen saturation and other variables.  

Soil temperature in the control and in the vegetation plot were collected separately. These data 

were entered manually in the measurement program (program Microx TX, Presens, 

Regensburg, Germany). The latter enabled together with individual calibration values of each 

sensor (phase angles and calibration temperature) an automatic temperature compensation and 

calculation of oxygen saturation. Each measurement per sensor was an average from of 3-10 

readings (coefficient of variation about 3 %, increasing to 10 % for oxygen saturation close to 

zero). These average values were later processed in statistical analysis.  
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1.3.3 Soil water content and microclimatic parameters 

Volumetric water content in the soil was measured with time domain reflectrometry probes 

(TDR probes, type ML2x, Delta T Devices, Burwell, UK). Each TDR probe was installed 

close to each oxygen probe at a distance of about 10 cm. Soil temperature was measured in 

both the control and the vegetation plot with one temperature probe (Delta T, Burwell, UK). 

Air temperature and air humidity instruments (Delta T, Burwell, UK) were installed at a 

height of 1.70 m. These climatic parameters were collected every 30 minutes by a DL2 data 

logger (Delta T, Burwell, UK). Water vapor pressure deficit was calculated according to 

Jones (1992). Precipitation data were obtained from a station of the ”Zweckverband 

Landeswasserversorgung” at a distance of about 7 km from the study plot. 

 

1.3.4 Plant sampling 

Eleven plants were randomly selected and harvested after the completion of measurements. 

Cross sections of plants at the soil surface were made and immediately fixed in 50 % ethanol 

solution. Residual water was removed by increasing the ethanol content to 70 % and 100 %. 

Test samples were transferred into formaldehyd dimethyl acetal solution (CH2(OCH3)2 ) for 

24 hours afterwards, dried by “critical point drying” (Polaron, Watford, England) and covered 

with gold (Balzers FL-9496, Balzers Union, Fürstentum Liechtenstein).  SEM images were 

made with Zeiss DSM 942 (Zeiss, Oberkochen, Germany). Scaled SEM-micrographs were 

converted to black/white images turning intracellular spaces black. Whole stem cross sections 

were colored black on duplicated images. Differences in the black areas between the two 

types of images revealed the absolute area of aerenchyma. Quantification of black areas was 

done using the program ”Delta T Scan” (Delta T, Burwell, UK). The percentage of 

aerenchyma was obtained by dividing the absolute aerenchymous area by the total cross 

section area for each shoot. The total number of shoots was assessed in three 0.5 m x 0.5 m 

squares within the vegetation plot at the end of the studied period.  

 

1.3.5 Evaluation procedure 

Statistical tests were performed using the Statistica program, Rel. 6.1 (StatSoft Inc., Tulsa, 

Okla.). Differences in oxygen content between the two plots were determined using 

ANCOVA with water content as covariate. The regression package was used to test the 

relationship between the studied parameters. The relationship between soil oxygen and soil 

water content (Figure 2) was fitted using equation [1] within the non-linear models package. 



Chapter 1 35

 

[1] OS = A / (1 + e ( c -W) / α)                     

(OS: oxygen saturation; W: soil water content; A, c, α: estimated constants) 

Using this equation is in line with the results of Feng et al. (2002), who reported a very rapid 

decline of oxygen diffusion rate with increasing soil water content. These regressions were 

calculated separately for the Carex and the control plot. Parameter c provides the inflexion 

point of the curve. This point was used to determine the different characteristics of oxygen 

dynamics between the Carex and the control plot. Parameter α of the equation represents the 

steepness of declining oxygen saturation with increasing soil water saturation. 

1.3 RESULTS 

C. rostrata produced a dense stand with 445 shoots m-² and had a high percentage of 

aerenchymous tissue (48.3 %). These two figures result in 0.013 m² aerenchymous area m-² 

soil, i.e. more than one percent of the soil surface comprises of aerenchyma for aeration of the 

rooting zone.   

Oxygen saturation (means from four sensors per plot) ranged from 5.3 % to 93.3 % under C. 

rostrata in comparison to 0.0 % to 80.2 % in the control plot (Figure 1a). In the latter, mean 

oxygen saturation of 26.6  ±  4.2 % was significantly lower (p < 0.01) than under C. rostrata 

(56.0 ± 3.9 %, mean ± 1 SE) but no significant differences were found between the plots 

regarding the mean water content (C. rostrata 68.06 %, control 68.05 %). Mean oxygen 

saturation in both plots showed strong temporal variation during the studied period. Both 

curves of mean oxygen concentrations show an almost parallel course however due to 

different dynamics, single values of the probes within the each plot differed considerably. 

There were two significant maxima, the first around 30th of July the second by the end of 

August / beginning of September. These maxima coincided with more “dry” conditions 

(Figure 1b) even though water content in the fen under study was generally high. The 

influence of ground water on the soil moisture was further topped by precipitation (Figure 

1b). Both heavy rainfall (greater than 20 mm d-1) and smaller but frequent amounts of rainfall 

(e.g. in September 2001) resulted in the increase of soil water content. Therefore periods with 

high oxygen saturation were terminated simultaneously in both plots by high amounts of 

rainfall. 
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Fig. 1: Oxygen saturation (a) under C. rostrata (closed symbols) and the control plot (open 

symbols) and (b) precipitation and water content in both plots. Points indicate single values, 

means are presented as lines (Carex solid, control dashed). Arrows point out days with hourly 

measurements (cf. Figure 4) 
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Following these rain periods, mean oxygen saturation under Carex recovered earlier than in 

the control plot. This is illustrated in detail in Figure 2 showing mean oxygen saturation under 

Carex plotted against concurrent saturation in the control plot. The relationship was well 

described by a logarithmic equation (OSCarex = 11.00 * ln[OScontrol] +33.64, R2 = 0.67, p < 

0.01).  Slope of this relationship is greater than one for low oxygen saturation in the control 

plot (< 11.00 %) indicating comparatively faster recovery from low oxygen saturation under 

Carex. Except two points, close to the 1:1 curve, all others show that oxygen is still present 

under the vegetation even at zero saturation in the control and almost full oxygen saturation 

was reached under Carex but not in the control plot.  

Soil oxygen saturation decreased extremely fast within a short interval (about 1.5 %) of 

increasing water content (Figure 3). The non-linear regression (1) well described the 

relationship between soil water content and soil oxygen (Carex: R² = 0.52, control: R² = 

0.35). Regression constants differentiate further between Carex and control plots. Under 

Carex the decline in oxygen saturation took place at higher water content, as indicated by 

significantly different inflexion points c (Carex: 68.45 ± 0.08 %, control: 67.52 ± 0.24 %, 

mean ± 1 SΕ). The steepness of the decline of oxygen was not significantly different under 

Carex (α = -0.28 ± 0.09) and in the control (α = -0.31 ± 0.16). Other tests on the basis of the 

whole data set did not reveal any correlation between oxygen saturation and the climatic 

parameters soil temperature, air temperature, air humidity and water vapor deficit. 
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Fig. 2: Mean oxygen saturation under Carex rostrata and corresponding values in the control 

plot. The dashed line gives the 1:1 relationship between the two plots. 
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Fig. 3: Relationship between soil water content and oxygen saturation for C. rostrata (closed 

symbols) and control (open symbols). 
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Results from three periods with hourly measurements of oxygen saturation are displayed in 

Figure 4 (cf. arrows in Figure 1a). On July 24, 2001 (Figure 4a) both plots showed consistent 

increments from preceding low oxygen levels. By end of July 2001 mean oxygen saturation 

under Carex reached high level (cf. Figure 1a). During the night measurements (July 30/31) 

the increase of oxygen saturation was much lower under Carex but substantial increase was 

found in the control plot where the mean oxygen saturation exhibited a strong increment 

during this night (Figure 4b). On daily basis similar courses were found on September 14, 

2001 (Figure 4c). On July 24 and 30 there was a negative correlation between oxygen 

saturation and soil water content in the control plot (p < 0.05) but not in the Carex stand (p = 

0.08 and p > 0.1, respectively). On September 14 oxygen values in both plots correlated 

significantly with soil water content (p < 0.05). Again no correlation was found for soil 

temperature and the climatic parameters air temperature, air humidity and water vapor deficit. 

During all three periods with hourly measurements, oxygen saturation under C. rostrata was 

significantly higher than in the control plot (p < 0.01), although water content was higher 

under Carex.  
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Fig. 4: 12 h courses of oxygen saturation under C. rostrata (left) and in the control plot 

(right). Measurements were performed on 24.07.2001 (a), in the night of 30.07.2001 (b) 

and 14.08.2001 (c). Data points are means from four sensors per plot. Note different 

scaling of axes. 
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1.5 DISCUSSION 

The studied site was characterized by a dense stand of C. rostrata. With 445 shoots m-2 shoot 

density was in the same range of 440-466 shoots m-2 reported as maximum values by 

Saarinen (1998), who studied the same species in a boreal mesotrophic fen. With 48.3 % of 

aerenchyma, shoots of C. rostrata were characterized by a high percentage of aerenchymous 

tissue compared to 22 % and 35 % in leaves and leafless culms respectively of C. acutiformis 

(Busch 2000), a species that colonizes similar habitats. As most wetland plants increase the 

percentage of aerenchymous area under waterlogged conditions (Busch 2000, Smirnoff and 

Crawford 1983) it appears that C. rostrata was morphologically well adapted to anaerobic soil 

conditions. This is confirmed by the results of Visser et al. (2000), who reported an 

aerenchymous percentage of 40 % in roots of C. rostrata. They found that among six species 

of the genus Carex, C. rostrata produced the highest amount of root and shoot biomass. 

However, Barclay and Crawford (1982) found that rhizomes of C. rostrata survive under 

anoxic conditions for only four days when separated from aboveground organs, which shows 

low physiological resistance of these organs to anoxia. This explains why C. rostrata 

disappeared after increasing water level in a Swedish lake (Sjöberg and Danell 1983). Thus C. 

rostrata is physiologically not adapted to long lasting anoxic conditions, rather it avoids them 

by a high proportion of aerenchymous tissue. This morphological adaptation is essential for 

surviving anoxic soil conditions and enables together with a high shoot density soil 

oxygenation. 

The oxygen levels found in the peat mirror a net balance of oxygen input and oxygen 

consumption. Hypoxia or even anoxia in wetland soils result from low oxygen diffusion rates 

that are caused by high water content (e.g. Brändle 1996, Ponnamperuma 1972). Appearance 

of molecular oxygen indicates that oxygen input exceeds consumption and aerobic metabolic 

processes are at least partially present (Gambrell et al. 1991). Even though soil oxygen supply 

can be influenced by mass flow of air, such processes only contribute to a small proportion of 

soil aeration and therefore diffusion is the main way of air renewal in soils (Armstrong 1979, 

Henderson and Patrick 1982) in particular in the cases of waterlogged peat soils. As soil 

texture in the control plot remained unchanged, oxygen values measured there can mainly be 

attributed to oxygen diffusion rate and oxygen saturation mirror general diffusion conditions 

in the peat. Therefore strongly fluctuating oxygen saturation in the control plot indicated that 

oxygen diffusion rate varied considerably. 

Differences found between the two plots (cf. Figures 1 and 2) are effected by the presence of 

C. rostrata. However almost parallel courses of oxygen saturation in both plots (Figure 1) and 
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the strong relationship between oxygen saturation under the vegetation covered plot and 

control (Figure 3), showed that soil aeration under C. rostrata still strongly depended on 

general diffusion conditions. The pronounced rapid decline of oxygen saturation within an 

increase of only about 1.5 % water content in both plots indicated impaired diffusion through 

water logging. Such rapid changes in terms of oxygen diffusion rate have been reported to 

take place in terrestrial soils within a span of 3-8 % water content (Feng et al. 2002). Previous 

studies already proved that ROL of wetland and submersed plants increased soil redox 

potential (Wium-Andersen and Andersen 1972, Tessenow and Baynes 1978) or even provided 

evidence for oxygen enrichment in the rooting zone under laboratory conditions (Callaway 

and King 1996, McDonald et al. 2002, Pedersen et al. 1995, Sand-Jensen et al. 1982, Sorell 

1999, Waters et al. 1989). This study could confirm a soil aeration effect by ROL under field 

conditions. The presence of C. rostrata had consequences regarding the interaction between 

soil water content and soil oxygen. The soil water content for declining oxygen saturation was 

higher under the vegetation cover than in the vegetation-free control plot as indicated by 

different inflexion points c of the regression (1) (68.5 % water content under C. rostrata 

compared to 67.5 % in the control plot). Such small difference is substantial considering that 

the mean water contents varied between 67 and 69 % during the measurement period from 

June to October (cf. Figure 1b). This underlines the effect of C. rostrata on the soil properties 

as oxygen diffusion rates shifted in similar range of water contents comparing sandy loam and 

loamy sand (Feng et al. 2002). Furthermore in periods of high water content oxygen 

saturation under Carex was still above zero. These differences emphasize the additional 

source of oxygen by ROL of C. rostrata. In addition to the specific influence of C. rostrata on 

the relationship between soil oxygen and water content due to ROL (Figure 2), transpiration 

may also temporarily reduced the soil water content and thus opened a possibility for higher 

oxygen diffusion rate. Thus in contrast to the partly anaerobic conditions in the control plot, 

aerobic metabolism was at least partially possible under C. rostrata during the whole period 

studied. These findings are strongly supported by Allen et al. (2002), who found C. rostrata 

among several studied species to be best capable of improving the removal of dissolved 

organic matter in wastewater, thereby increasing the redox potential significantly. They 

concluded that oxygen supply by roots of C. rostrata may have exceeded respiratory 

demands.  

For peat soils low in iron, up to 94 % of oxygen consumption can be attributed to 

heterotrophic respiration (Watson et al. 1997), but in eutrophic habitats such as the 

investigated nutrient rich fen, the highest activity of methanotrophic bacteria was found 



Chapter 1 43

(Sorrell et al. 2002). As a further implication increased oxygen supply mediated through C. 

rostrata may therefore decrease methane production in wetlands (Van Bodegom et al. 2001). 

Different dynamics of each single sensor, leading to partial high standard deviation in Figure 

1a reflect that oxygen was not homogeneously distributed under Carex. The reason might be 

that C. rostrata releases oxygen only at strictly confined spots of its roots (Conlin and 

Crowder 1989). In anaerobic environments oxygen released is rapidly diluted and consumed 

with increasing distance from its source (Armstrong et al. 2000, Christensen et al. 1994) or 

indicated by thin iron plaques around roots of C. rostrata (Crowder and MacFie 1986). As 

microoptodes reflect only a very small point, differences among the sensors might be caused 

by unequal distances from the oxygen sources and diffusion rates between them. Therefore as 

placing of sensors under field conditions can be done only randomly, it is likely that oxygen 

saturation was still higher in the close vicinity of roots. Moreover spatio-temporal variability 

of oxygen saturation can be caused by growing roots thereby moving oxygen sources (Van 

Bodegom et al. 2001) or by inducable barriers to ROL in the hypodermis/exodermis of roots 

(Colmer 2003). Latter was postulated for plants growing on transiently water logged soils. 

Several studies have shown a diurnal change of oxygen saturation within the cormus of some 

wetland species (Laing 1940) or at least a rapid response of ROL due to photosynthetic 

activity (Christensen et al. 1994, Pedersen and Sand-Jensen 1995). Moreover, many studied 

species are known to create a pressurized aeration driven either by temperature gradient 

between leaves and atmosphere (“thermal transpiration”; Dacey 1987, Grosse et al. 1989, 

1991) or by difference in air humidity between the inner atmosphere of the leaves and air 

(“humidity induced convection”, e.g. Bendix et al. 1994). These processes should result in a 

diurnal course of oxygen release, showing high oxygen saturation during the day and decrease 

towards the evening and during the night. However in this study oxygen saturation were 

found to increase almost linearly during the 12 h courses, even in the night (Figure 4b) when 

photosynthesis and pressurized ventilation cease. More detailed studies on substrate 

oxygenation combining photosynthesis with parameters driving pressurized ventilation are 

necessary to clarify the role of  photosynthesis and pressurized ventilation in soil aeration. In 

the present study no correlation was found for climatic parameters except water content 

confirming the strong influence on diffusion conditions. Neither the 12 h courses nor data 

evaluating the whole studied period gave direct evidence that photosynthesis or pressurized 

ventilation were responsible for higher oxygen saturation under Carex. The current data rather 

suggest that the high percentage of aerenchymous tissue in combination with a high shoot 
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density C. rostrata provides soil / atmosphere interface that enhances oxygen diffusion into 

the soil. 
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Chapter 2 

 
Introduction in the minirhizotron technique 

 

Raphael Mainiero 

Handbook of methods used in rhizosphere research, chapter 1.2. Root growth and 

morphology (accepted for publication) 

 

 

2.1 METHOD DESCRIPTION  

Minirhizotrons are transparent tubes that are installed at different angles in the soil. Following 

an equilibration time, fine roots that grow along the tube surface are observed at regular 

intervals using different kind of optical systems (e.g. video-camera, digital miniature camera). 

This method allows to precisely retrieve and track individual fine roots and their development 

from appearance to death. Image analysis is made on screen mostly with regard to timing and 

intensity of root formation and mortality. Using this observation technique enables to 

document concurrent root production and die off and thus prevents underestimation of 

turnover processes (Kurz and Kimmins 1987, Majdi 1996). As this method is non-destructive, 

it is predominantly appropriate to study root system dynamics (cf. Mackie-Dawson and 

Atkinson 1991, Hendrick and Pregitzer 1996 for general descriptions). Comprehensive and 

critical studies revealed minirhizotrons as the method most reliable in assessing root 

production (Hendricks et al. 2006) 

 

2.2 DO’S, DON’T’S, POTENTIAL LIMITATIONS, UNTESTED POSSIBILITIES 

2.2.1 Tube material and installation 

Different kind of materials have been used for minirhizotron tubes. Beside practial aspects 

such as scratch and frost resistance, different materials were shown to influence root 

survivorship in some plants (Withington et al. 2003). Care should be taken to install the tubes 

in close contact to the soil and to avoid the creation of voids leading to atypical root growth or 

branching and condensed water on the tube`s surface. The soil interface, however should not 

get compressed leading to increased mechanical resistance. Therefore, an auger with slightly 
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smaller diameter than the tube’s one should be used. We recommend to use a mechanical 

support when driving in the auger. Successful installation is exacerbated in stony soils. For 

this purpose inflatable minirhizotrons were developed (Smit et al. 2000, López et al. 1996). In 

water saturated, dense soils, high water levels can lift the tubes upward so that they should be 

weighted to prevent any movement. 

Smit et al. (2000) reviewed the problem of insertion angle. Even though most scientist 

preferred to install the tubes angled in the soil, mostly 30° or 45°, vertically installed 

minirhizotrons better matched results obtained by soil coring. Moreover, vertically installed 

tubes enable imaging in all directions and facilitate the usage of adapters (see below). 

Minirhizotrons should carefully be protected against light penetration and heat absorption. A 

coverage of black adhesive foil and white or reflecting aluminum foil is a useful and cheap 

solution. 

 

2.2.2 Imaging and root length measurement 

Particularly in forest soils a great heterogeneity of root distribution should be expected that 

forces to take a high number of replicates. The usage of a rigid borescope with integrated cold 

light source and an attached digital miniature camera proved to be very useful to get a high 

number of images in short time and with the necessary precession. Retrieving of identical 

positions is enabled by using an adapter with markings that are superimposed to markings on 

the tube. Vertical positions are adjusted by markings on the borescope. When using this 

method it is necessary to choose materials that do not undergo strong diameter changes due to 

temperature changes and the minirhizotrons borders must be plane. 

Depending on the optical system used and the tubes curvature the images obtained can be 

strongly distorted. If so, images have to be straightened out before measuring root length 

directly on screen. Programs that are able to straighten out such complex distortion (e.g. 

ArcInfo) are rather complex and expensive. A simple but precise method is to overlay a 

distorted grid on the images and to count intersections of roots with it. Such grid can be easily 

obtained by shooting an image of a scale paper. There is a linear relationship between 

quadrants counts and root length. An analog method (line intersection method) was already 

described by Tennant (1976) and Upchurch (1987).  

Minirhizotron image evaluation is a very time consuming procedure. Therefore it is necessary 

to optimize time intervals of sampling. The time distances should not be too high in order to 

prevent underestimation of root production due to roots that appeared and disappeared during 

the time intervals (e.g. Tingey et al. 2003). In Fagus sylvatica, both root appearance and 
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mortality are linearly correlated with soil temperature (Mainiero et al. 2004). Thus time 

intervals between sampling dates should be small in summer (not more than 2 weeks) and can 

be extended in winter months (ca. 4 weeks). 
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3.1 SUMMARY 

Fine roots are the most important plant organs for water and nutrient acquisition. Water and 

ion uptake is most sensitively altered by the formation of new roots in favourable sites. Fine 

root turnover, i.e. shedding and replacing fine roots, is therefore important in maximizing root 

system efficiency. Some evidence exists that accelerating fine root turnover is appropriate to 

counterbalance negative effects caused by drought albeit formation of new roots in drying soil 

is a high-risk investment. 

In the present study fine root (≤ 2 mm diameter) dynamics in a stand of mature Fagus 

sylvatica (European beech) was observed during summer 2003 that was extraordinary dry in 

Central Europe. Depth-related fine root formation and mortality (between 3.4 and 41.6 cm 

soil depth) were observed and related to soil water content and soil temperature. The 

environmental parameters measured appeared as significant but surprisingly weak 

determinants for fine root formation and none of them influenced fine root mortality 

significantly. Fine root mortality was not counterbalanced by root formation but pronounced 

fine root shedding was found for non-suberized and superficial fine roots. Despite severe soil 

drying, fine roots were primarily invested in upper and thus unfavourable soil strata. 

The fine root system of F. sylvatica underlay an almost continuous replacement but there was 

no evidence for altered fine root turnover as an important response to soil drying. Rather the 

relative conservative fine root investment pattern and the large losses of fine roots indicate 

high construction costs at low benefits on the whole plant level and thus may limit the vigour 

of  F. sylvatica if comparable drought periods occur frequently. 
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Abbreviations: SRD - standing root density; RF – fine root formation; T – soil temperature; 

W - soil water content; TDR - time domain reflectometry 

 

3.2 INTRODUCTION 

Within their lifespan fine roots experience very different site conditions influencing 

functioning and efficiency. It is assumed that fine roots are maintained as long as the benefits 

(water and nutrient uptake) outweighs the costs (Eissenstat and Yanai 2002, Burton et al. 

2000). Therefore fine roots are shed at negative balance and become replaced by new ones in 

more favourable sites which maximizes efficiency of the whole root system and in 

consequence plant productivity.  

In terms of formation and die off (i.e. turnover), fine roots belong to highly dynamic plant 

organs (Hendrick and Pregitzer 1993, Lauenroth and Gill 2003) and fine root turnover 

therefore requires considerable amounts of C. In a comparative study Hendricks et al. (2006) 

recently estimated fine root construction costs (≤ 0.5 mm) in a forest ecosystem to account for 

ca. 25 % of the total C allocated below ground. On the other hand, models and field studies 

revealed the timing and degree of root formation and/or fine root replacement as the most 

important means in altering absorbing characteristics of the whole root system thereby 

strongly influencing competitiveness (Caldwell 1976, Caldwell and Richards 1989a, 

Eissenstat and Caldwell 1988).  

Fine root formation and die off are influenced by different environmental factors. Beside 

nutrient availability and soil temperature, exposition to drought apparently affects dynamic 

responses of fine root systems. Enhanced fine root turnover seems to be an important 

response in some woody species when exposed to drought (Kolesnikov 1968, Sanantonio and 

Hermann 1985). The induction of new root formation in drying soil, however, is a high-risk 

investment as water and nutrient absorption becomes steadily impeded (Smucker and Aiken 

1992, Lösch 2001) and the risk of embolism increases, in particular for smaller diameter roots 

(Sperry et al. 2002). Indeed, forest decline in predisposed trees has been attributed to 

increased occurrence of drought (Rebetez and Dobbertin 2004, Suarez et al. 2004) but there is 

little knowledge on fine root dynamics during drought. Understanding the dynamic responses 

of tree fine root systems might therefore help in understanding of species vigour and in 

consequence alterations in species composition and forest productivity due to drought. 

In 2003, large areas of Germany and Central Europe experienced the warmest summer on 

record with concurrent extraordinary low precipitation (Makkonen-Spieker 2005). 

Subsequently reduced forest health in Germany and Central Europe has partly been attributed 
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to this strong impact of drought (German Federal Ministry of Consumer Protection, Food and 

Agriculture 2004). Highly affected by the adverse conditions was Fagus sylvatica L. 

(European beech) which is the most important broadleaf tree species in European silviculture. 

Under mesic conditions F. sylvatica would be the dominant tree species in Central Europe but 

it is known to be drought-sensitive and it soon underlies competition to other tree species on 

frequently dry soils (Ellenberg 1996). With respect to increased occurrence of drought, future 

models predict a decline in beech forests in parts of Central Europe and considerable 

alterations in species compositions (Lindner et al. 1997). 

Comparison of physiological and growth parameters of mature beech’s organs revealed fine 

roots among the organs being most sensitive to drought (Leuschner et al. 2001). According to 

the results of Leuschner et al. (2001, 2004) responses of beech fine root system to drought 

seem to depend on time scale. The study of Leuschner et al. (2004) showed no significant 

differences in standing fine root surface area or fine root mass (i.e. the net balance of 

turnover) along a large gradient in annual water supply. Concerning a single and exceptional 

drought event, however, beech trees were suggested to increase fine root production in order 

to compensate for losses due to concurrently increased fine root mortality (Leuschner et al. 

2001).  

In the present study depth-related formation and mortality of beech fine roots were observed 

during the extraordinary drought in 2003. The aim of this study was to clarify the potential 

effect of the severe drought on fine root dynamics of F. sylvatica. The underlying question 

was whether the exceptional soil water shortage increased fine root mortality and induced a 

compensatory fine root formation (i.e. accelerated turnover). Consecutively, it was 

investigated whether potentially altered fine root dynamics changed the composition and/or 

vertical distribution of beech fine root system.  

 

3.3. MATERIALS AND METHODS 

3.3.1 Site description 

The study site is located in Southern Germany, 30 km northern from Munich (48° 25` N, 11° 

39` E, 508 m a.s.l.). The climate is sub-atlantic to sub-continental. Mean annual precipitation 

(1970-2000) is 786 mm with more than the half (442 mm) occurring in the vegetation period 

between May and August. Mean annual temperature is 7.8 °C. Soils in this area developed 

from tertiary sediments (“Obere Süßwassermolasse”) and quaternary loess covering a layer of 

gravel and clay. The soil at the study site is fine textured and is classified as cambisol. Rapid 
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decomposition is indicated by a thin humus-layers. The soil surface is plane with no 

significant exposition. Soil layers are homogenously layered with no large soil structural units 

like stones or confined compactions. Only soil water corresponding to values higher than 14 

% vol. is assumed to be plant available (Raspe et al. 2004). Soil water pH was low and ranged 

between 3.6 and 4.3.  

The study site comprises ca. 50 mature individuals of European beech (F. sylvativa L.) being 

surrounded by a larger plantation of Norway spruce (P. abies Karst.). Beech is supposed to 

constitute the natural vegetation in this area (Galio odarati – Fagetum). At the time of study 

beech trees were ca. 60 years old and reached more than 25 m height. Understorey is very 

scarce with few individuals of Rubus fruticosus L. and small patches of Carex brizoides L. 

indicating high nutrient availability and slightly impeded drainage. Further information on site 

condition and forest management is reported in Pretzsch et al. (1998). 

 

3.3.2 Root observation  

Formation and mortality of fine roots (≤ 2 mm diameter) were observed separately using the 

minirhizotron technique. This method allows to track the fate of individual roots from 

appearance to death and is at present the most appropriate method in studying fine root 

dynamics (Smit et al. 2000, Mainiero 2006). Minirhizotrons used in this study consisted of 

glass tubes 65 cm long with an inner diameter of 50 mm. To prevent heat absorption and light 

penetration, aboveground parts of minirhizotrons were coated with white adhesive foil upon a 

black one. Openings were capped by metal casings covered with aluminium foil. In 

accordance to Smit et al. (2000), who reported that vertical minirhizotron installation better 

matched results obtained by soil coring than angled insertion, minirhizotrons were installed 

perpendicular to the soil surface.  

Images were made using a rigid borescope with cold light source (Olympus, Hamburg, 

Germany) and a fixed digital camera (Olympus Camedia C-5050). During imaging, the 

borescope was fixed by a self-made adapter inserted in the minirhizotron. Precise retrieving of 

identical positions was enabled by superimposing markings applied on the surfaces of the 

borescope, adapter and minirhizotrons. Roots were observed in six depth levels (3.4 –  8.6 cm, 

10 – 15.2 cm, 16.6 – 21.8 cm, 23.2 – 28.4 cm, 29.8 – 35 cm, 36.4 – 41.6 cm) and in four 

directions each giving a total of 24 images per minirhizotron. Due to the optical system used 

and the tube’s curvature, images were non-linearly distorted. Each image covered 13.14 cm2 

resulting in a 52 % coverage of the whole inner tube surface.  
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Four pairs minirhizotrons were installed at random locations in April 2002. The two 

minirhizotrons of each pair had a distance of 50 cm. Distances between minirhizotron pairs 

ranged from 3 m to maximal 5 m. Edge-effects were avoided by placing all measurement 

points close to the centre of the respective plots. Following an equilibrium and test phase of 

eight months, regular imaging of root development was performed from January 2003 till 

February 2005. Targeted time intervals between the sampling dates were 14 days during the 

vegetation period and 28 days in winter months. For this study, only data from April 2003 till 

April 2004 are presented in detail. As there was no irrigated control plot comparisons are 

drawn (i) to other studies dealing with effects of drought, (ii) comparable forest ecosystems 

and (iii) fine root dynamics at the same site in 2004. 

Images were basically evaluated in terms of number of roots. The latter was acquired 

cumulatively for each image and related to the area observed. Roots were classified to either 

being light or brown-coloured. Light-coloured roots consisted of unsuberized and partly 

mycorhized roots. Brown-coloured roots exclusively consisted of suberized roots and there 

was no indication of brown roots being mycorhized (i.e. no hyphae mantle, many short 

laterals or typical branching pattern like “Christmas-tree-like” structures). In the evaluation 

process light-coloured roots that changed their colour between the observations due to 

browning (i.e. suberization) were subtracted from the light-coloured pool and added to the 

pool of brown roots. Changes in the respective pools thus derive either from root appearance / 

mortality or browning process. Roots were classified as dead as they disappeared from the 

images.  

Each image was evaluated in terms of root density at given time (i.e. standing root density 

SRD, roots dm-2) and the number of roots that appeared or disappeared between sampling 

dates (formation rate and mortality rate, roots m-2 d-1). Preliminary studies of the subsequent 

year revealed total root density to reflect root length density to a large degree (R2 = 0.71, p < 

0.001). Depth-related fraction of fine root formation or mortality was calculated by setting the 

total root occurrence or disappearance, respectively between the sampling dates to 1.0 and 

relating the respective proportion to the appropriate soil depth. Based on the definition by 

Aerts et al. (1992) annual fine root turnover was defined as the ratio of the sum of roots 

appeared and the mean standing root number. This turnover index was used for between-year 

comparison. Using root number, however, biases the fine root turnover estimate toward short 

lived laterals and thus largely overestimates the corresponding biomass turnover (Tierney and 

Fahey 2001).  
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3.3.3 Soil water content and soil temperature 

In order to assess soil conditions that might influence fine root dynamics, different sensors 

were installed between each pair of minirhizotrons. Soil temperature probes (Delta T, 

Burwell, UK) were installed in 5 cm and 25 cm depth. Soil water content (% vol.) was 

measured in 15 cm depth using time domain reflectrometry (TDR-probes, type ML2x, Delta 

T Devices, Burwell, UK). In order to facilitate installation and therefore to minimize 

disturbance, TDR-probes were installed in 45°. They thus integrated soil water content from 

13 cm to 17 cm depth. All sensors were connected to data logger (DL2 data logger, Delta T, 

Burwell, UK) and were logged in half hourly intervals.  

Precipitation and air temperature data (200 cm height) were obtained by a nearby weather 

station, ca. 5 km afar from the experimental site. Data of this station are provided by the 

Regional Office of Agriculture (Bavaria). 

 

3.3.4 Statistical analysis 

Each pair of minirhizotrons was treated as one sample resulting in four replicates (n = 4) for 

each soil depth. Root counts for each soil depth and minirhizotron pair are therefore 

represented by a total of eight images. Influence of soil depth, time, year and interaction time 

x soil depth on sequentially measured parameters were tested using repeated measurement 

ANOVA. Regression analysis was performed as multiple linear and non-linear regression, 

respectively. As the latter improved the explained variances only marginally, results are 

shown only for multiple linear regression. Additionally, regressions were performed for the 

whole studied period and the vegetation period (late April 2003 to August 2003). Both 

regressions revealed very similar results and therefore only data for the whole studied period 

are shown. To account for potentially strong vertical gradients in soil water content (e.g. 

Torreano and Morris 1998), regressions were done only for root data from soil layers next to 

the TDR-probe (i.e. 10 – 15.2 cm). Accordingly, means of soil temperature from 5 cm and 25 

cm depth were used to correlate with root data (all means between the sampling dates). 

Between year comparison of turnover index was done using paired t-test. Multiple regression, 

ANOVA and t-test were performed using the “Statistica” software, Rel. 6.1 (StatSoft Inc., 

Tulsa, Okla.). Differences in variance between light and brown-coloured roots were tested by 

f-test (MS Excel). For all tests a level of significance for p < 0.05 was used. 
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3.4 RESULTS 

The year 2003 was characterized by extraordinary low precipitation and concurrently 

increased temperatures. Annual precipitation in 2003 was 29 % lower than the long-term 

mean (558 mm vs. 786 mm). The drought was most pronounced in the growing season as the 

shortage was 37 % (279 mm vs. 442 mm). Additionally, mean air temperature in the 

vegetation period was 3.2 K higher than the long term mean (18.0° C vs. 14.8° C, pers. 

comm. Petia Nikolova). As a result, soil water content was already relative low in spring 

2003, ranging between 27 % to 35 % for all measurement points and it steadily declined with 

the onset of the vegetation period in late May (Figure 1a). Soil water content in 15 cm depth 

fell below the limit of plant availability of 14 % vol. (lowest daily mean: 13.0 % vol.). This 

very dry period lasted for about eight weeks from August to October. Soil temperature in 5 

cm and 25 cm depth were very similar (Figure 1b). Both exhibited a seasonal course with 

maxima in late August (18.2 °C in 5 cm, 16.9 °C in 25 cm soil depth, respectively). Lowest 

values were 1.0 °C in 5 cm and 1.6 °C  in 25 cm depth in December 2003. 
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Fig. 1: Soil water content (with means ± 1 SE placed at dates of root observation) (a) and soil 

temperature (b) for the study period between April 2003 and 2004. The dashed line in (a) 

indicates the level at which soil water is not plant available any more (14 % vol.). 
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Within the studied period, standing root density (SRD, roots dm-2) of both fine root pools  

significantly varied with time (light and brown-coloured, p < 0.01). There was no significant 

influence of soil depth on root densities of both pools even though initial values of the 

uppermost and the lowest soil depth differed by almost two orders of magnitude (Figure 2). 

There was, however, a significant interaction time x soil depth for light-coloured roots (p < 

0.001) indicating very different temporal courses of SRD in the respective soil layers. Indeed, 

SRD of light-coloured roots in the upper two strata decreased strongly as soil water content 

reached the limit of 14 % vol. (indicated by dashed line in Figure 2). Net losses accounted for 

89 % in 3.4 – 8.6 cm and still 62 % in 10 – 15.2 cm whereas SRD remained roughly constant 

in the lower four soil layers. Such strong change was not observed in any soil layer among 

brown-coloured roots. Moreover, except for two depth levels (16.6 – 21.8 cm and 36.4 – 41.6 

cm), light-coloured roots exhibited a significant higher variation than brown-coloured roots. 

This difference was most pronounced in the uppermost level (cv light = 71.3%, cv brown = 21.8 

%, p < 0.01). 
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Fig. 2: Standing fine root density (left) and fine root dynamics (right) in the six depths 
between April 2003 and 2004. Standing fine root density is shown for brown-coloured roots 
(solid squares) and light-coloured roots (open squares). Fine root dynamics is shown for fine 
root formation (open bars) and fine root mortality (solid bars). All data are means ± 1SE. 
Values lower than 0.1 are not displayed due to log-scaling of y-axes. The dashed line 
indicates the onset of a very dry period as indicated by soil water content equal or lower than 
14 % vol. 
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Beech fine root system’s composition, as indicated by the percentage of light-coloured fine 

roots, changed significantly with soil depth (p < 0.01, Figure 3). Light-coloured roots 

represented the great majority in the upper two soil layers and rapidly decreased towards the 

lower four. The composition was not influenced by time but there was a significant 

interaction time x soil depth (p < 0.05), again indicating different temporal courses of light-

coloured roots in the respective soil layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fine root formation and mortality occurred simultaneously and almost continuously during 

the studied period (Figure 2). Consequently, constant SRD did not necessarily indicate the 

absence of fine root turnover and fine roots were formed although soil water was not plant 

available any more. Rates of fine root formation and mortality varied significantly with time 

(formation, p < 0.001; mortality, p < 0.05). Both processes were most pronounced in the 

upper two soil strata where they showed maximal rates in June to July and strongly decreased 

during winter months. Unlike fine root mortality, new root formation nearly ceased between 

September and October, causing a further rapid decline of SRD for light-coloured roots. 

Concurrent fine root replacement occurred only sporadically in lower depth levels as 
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Fig. 3: Vertical distribution of the fraction of light-coloured roots (means ± 1 SE). 
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indicated by significant interactions time x soil depth for fine root formation and mortality 

(both: p < 0.05, Figure 2). 

The depth-related fraction of roots that appeared between the sampling dates significantly 

decreased with soil depth (p < 0.001). The gradient was very strong as more than the half of 

fine roots were formed in the upper two soil levels (Figure 4, cf. Figure 2). This vertical 

pattern of investment was very constant as there was no significant influence of time nor was 

there a significant interaction time x soil depth. Similarly, relative fine root mortality was 

significantly greater near the soil surface (p < 0.0001, Figure 4) but was not influenced by 

time and there was no significant interaction time x soil depth. Moreover, there was no 

significant between-year effect when comparing the dry year 2003 with the following year 

2004 on depth-related distribution of fine root formation and mortality. This again indicates a 

pronounced constancy in the vertical fine root investment pattern. Fine root turnover in 2003 

resulted in a turnover index of 1.26 ± 0.3 yr-1 (mean ±1 SE) and did not differ significantly 

from the subsequent year although turnover index in 2004 was much lower (0.71 ± 0.17 yr-1).  

Multiple regression revealed soil temperature and soil moisture as significant determinants for 

fine root formation rate (RF = 3.7 * T + 1.7 * W – 59.2, p < 0.05, R2 = 0.19). Accordingly, 

fine root formation in the studied period was positively correlated to soil temperature and soil 

moisture. As indicated by different standardized correlation coefficients, soil temperature (βT 

= 0.43) appeared as a slightly stronger predictor for fine root formation than soil moisture (βW 

= 0.34). None of these two parameters, however, appeared as a statistically significant 

determinant for fine root mortality rate.  
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3.5 DISCUSSION 

 

The present minirhizotron study showed that several important parameters (SRD, fine root 

formation and mortality rate) varied significantly with time during the studied period. 

Minirhizotrons and rhizotrons, respectively have been widely used to study fine root 

dynamics as they bear the advantage to observe simultaneous root formation and mortality 

without disturbing the underlying processes. Observed dynamics immediately following 

installation, however, were interpreted to be biased due to stimulated root growth (Burke and 

Raynal 1994, Joslin and Wolfe 1998). To avoid such artefacts, fine root observation in the 

present study was done one year after installation and therefore the dynamics in fine root 

populations found, can be seen to be specific responses to growth conditions. 

Changes in water supply have been reported among main factors causing dynamic responses 

of fine root systems in some tree species. Tectonia grandis (Singh and Srivastava 1985) and 

Eucalyptus globulus  (Kätterer et al. 1995), both exhibited a rapid increase in root counts after 

the cessation of drought periods suggesting the two species to stimulate fine root formation as 

soil water status improves. Similarly, flushes of root growth were observed after controlled 

replenishment of soil water in Pinus taeda seedlings (Torreano and Morris 1998). Interactions 

between water supply and soil temperature on root growth were reported by Teskey and 
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Fig. 4: Vertical distribution of the percentage of fine root appearance (left) and mortality 

(right) (means ± 1 SE). 
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Hinckley (1981). They studied Quercus alba and found fine root elongation to successively 

decrease till cessation as soil dried provided that soil temperature did not fell below a certain 

value. These studies unfortunately did not consider simultaneous fine root formation and 

mortality separately and thus provided no insight whether newly formed fine roots replaced 

inefficient older ones. Some evidence was given for drought-exposed gooseberry plants 

(Grossularia reclinata) that apparently reduced the intensity of fine root shedding when being 

irrigated (Kolesnikov 1968). Furthermore, by comparing mature Douglas fir stands 

(Pseudotsuga mentziesii) differing in natural water supply, Sanantonio and Hermann (1985) 

found increased fine root turnover on frequently dry sites. When exposed to exceptional 

drought, turnover on wet and moderate sites was increased. With respect to models proposing 

new root formation as the most effective parameter in altering absorbing characteristics of the 

total fine root system (Caldwell 1976, Caldwell and Richards 1989a) these studies suggest 

shedding and replacing fine roots being appropriate in balancing both, frequent long-term and 

exceptional short-term water deficits.  

Comparing two consecutive years, the present study found higher mean fine root turnover 

during the very dry year which, however, did not differ significantly from the subsequent, 

more moderate year (1.3 yr-1 vs. 0.7 yr-1). The magnitude of fine root turnover thus showed 

substantial between-year variation but there was no uniform response at the respective 

minirhizotrons.  

Concerning fine root turnover within the dry year, root formation and mortality were shown 

to exhibit very different rates as shown by the significant influence of time on both processes 

(cf. Figure 2). As similarly reported by Teskey and Hinckley (1981), root formation was 

influenced by both, soil temperature and soil water content. The equation found suggests an 

additive and positive effect of both factors (RF = 3.7 * T + 1.7 * W – 59.2). Hence, unlike 

suggested for Pseudotsuga menziesii (Sanantonio and Hermann 1985), fine root formation in 

F. sylvatica was suppressed as soil dried. However, even though soil water content showed 

extraordinary low values, soil temperature was a stronger predictor on fine root formation 

than soil water content. Increasing soil temperature therefore seems to overrule the effect of 

soil water depletion so that root formation rate followed roughly the seasonal course of soil 

temperature (cf. Figure 2).  

The low coefficient of determination (R2 = 0.19) however indicates the environmental 

parameters measured to exert only a weak influence on the temporal pattern of fine root 

formation. It was already emphasised elsewhere that the predictability of changes in fine root 

occurrence by soil temperature and soil moisture is limited inherently (Hendrick and Pregitzer 



Chapter 3 66

1997, Lauenroth and Gill 2003) as the two parameters rather are covariates for primary factors 

such as the availability of nutrients (Eissenstat and Caldwell 1988). Considering the 

extraordinary magnitude of water shortage in 2003, however, this explanation is not sufficient 

and other much more important factors must be involved. Analysing the temporal patterns of 

fine root dynamics in a temperate forest ecosystem and their relationship to site variables, 

Hendrick and Pregitzer (1997) concluded that fine root activity is primarily endogenously 

controlled and that exogenous factors exert only a modifying influence. Tierney et al. (2003) 

came to very similar results but emphasized that the strength of environmental control can 

vary substantially between forest ecosystems. With respect to these findings the surprisingly 

weak influence of soil drying on fine root formation found in the present study suggests the 

temporal pattern of fine root formation in F. sylvatica to be under strong endogenous control. 

This might explain the paradox why fine roots still were formed although soil water was not 

plant available any more. 

Furthermore, the present study showed the depth-related spatial pattern of fine root formation 

in F. sylvatica to lack plasticity as the majority of fine roots was formed continuously in 

upper soil strata. Relocation of fine root growth in deeper, still moist soil layers during 

drought, however, was suggested for several tree species being an important response to 

efficiently exploit available soil water (Lyr and Hoffmann 1967, Dickmann et al. 1996, 

Torreano and Morris 1998, Ponti et al. 2004). Contrasting to this, the vertical investment 

pattern found for F. sylvatica was very similar to that reported for comparable forests under 

mesic conditions (Hendrick and Pregitzer 1996, Burton et al. 2000). As the ability to alter 

such spatial patterns of fine root formation differs inherently even between closely related 

genotypes (Dickmann et al. 1996), the findings support the assumption of a relative 

conservative, endogenously controlled pattern of fine root formation in F. sylvatica.  

Although fine root formation has largely been present during the studied period, strong net 

losses of superficial fine roots occurred during the very dry period. This is in line with the 

study of van Praag et al. (1994), who found strongly reduced fine root (< 1 mm) density and 

root ramification values in F. sylvatica in the upper soil strata (5-10 cm) after a very dry 

summer. As the net losses were most pronounced as soil water was not plant available, water 

availability per se apparently is a crucial edaphic factor for F. sylvatica in determining 

whether fine root formation balances mortality. Substantial reductions, however, were only 

found for non-suberized fine roots (Figure 2). Non-suberized fine roots therefore appeared to 

be susceptible to drought as they were shed intensively (Head 1973, Kozlowski 1973, 

Eissenstat and Yanai 2002). In apple trees root browning attends a lower risk of mortality 
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(Wells and Eissenstat 2001) and enhanced suberization was shown as a response to soil 

drying in young Picea abies (Bartsch 1987). Surprisingly, fine root system’s composition of 

F. sylvatica, as expressed by the fraction of light-coloured roots, did not change significantly 

during the studied period indicating that newly formed fine roots largely consisted of 

unsuberized and thus drought-susceptible roots and that no substantial root browning occurred 

in response to water shortage.  

Despite the large net losses the present study revealed no direct relationship of fine root 

mortality rate to environmental factors. Assessing the time of root death by means of 

minirhizotrons indeed is problematic (Comas et al. 2000). In the present study, disappearance 

was used as criteria for root death which necessarily implies parts of the decomposition. 

Using this definition likely diminished the relationship between mortality rate and 

environmental factors as fine roots were already functionally dead before being classified so 

(Comas et al. 2000).  

Fine root longevity in temperate forests was already shown to be variable and influenced by 

soil water status (Pregitzer et al. 1993, Eissenstat and Yanai 2002). Irrigation experiments in 

soils with low water holding capacity showed increased fine root longevity in response to 

additional localized water supply (Pregitzer et al. 1993). Contrary, this does not necessarily 

imply the rapid shedding of fine roots due to drought. Studies dealing with tree species of 

moderate climate regions showed fine roots to persist remarkably long even under severe 

drought (Marshall 1986, Kosola and Eissenstat 1994, Dickmann et al. 1996, Torreano and 

Morris 1998). Indeed, there is strong evidence that the rapid shedding of fine roots due to 

drought is not efficient in ecosystems where dry periods are naturally relative short, irregular 

and thus unpredictable (Kosola and Eissenstat 1994, Eissenstat and Yanai 2002). Under such 

climatic conditions, as is the case in temperate zones, maintaining fine roots during dry 

periods seems to be more advantageous, as the rewetting of the soil is likely to occur soon. 

Predicting the point in time when fine roots are shed is still a matter of active research 

(Eissenstat and Yanai 2002). Marshall (1986) showed massive fine root die-off due to drought 

to occur not until C-allocation below ground did not match the requirements and he 

consequently emphasised the effect of drought on fine root mortality being rather oblique than 

immediate. Furthermore, during drought roots can benefit from vertical water movements 

(Caldwell and Richards 1989b, Brooks et al. 2002, Romero-Saltos et al. 2005) or internal 

relocation of water from non-growing tissues (Matyssek et al. 1991). Such mobilizations of 

water during drought are not reflected by soil water content per se but can affect the 

functioning of absorbing organs and therefore the intensity of shedding. Linking drought and 
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increased fine root losses therefore is complex but delayed fine root shedding during drought 

seems to occur in many tree species and likely obscures the relationship to soil water content. 

Though the causal relationship between drought and fine root mortality remains to be clarified 

there is thus strong support for the present finding that severe and long lasting drought causes 

large net losses in susceptible fine roots of F. sylvatica but that no straightforward 

relationship to the rate of fine root mortality exists.  

The present study thus revealed no evidence that fine root formation or turnover, respectively 

counterbalances short-term soil water shortages. Rather, the conservative fine root investment 

pattern of F. sylvatica is advantageous only under mesic conditions with regular precipitation 

but likely causes high construction costs below ground without the adequate benefits on the 

whole plant level during severe drought periods. It is likely that such disadvantageous C-

investment pattern and the high losses in fine roots are involved in drought sensitivity of F. 

sylvatica and it thus partially causes its reduced vigour with increasing continentality 

(Ellenberg 1996). Increasing occurrence of drought, as predicted by future climatic models, 

might thus cause competitiveness in F. sylvatica to decrease, consequently altering tree 

species composition (Lindner et al. 1997).  
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4.1 SUMMARY 

Fine root dynamics in adjacent mono-specific stands of mature European beech (Fagus 

sylvatica L.) and Norway spruce (Picea abies Karst.) was studied using minirhizotrons for 

one year. Between-species comparisons were drawn concerning fine root longevity, fine root 

length formation and mortality. The latter two parameters also were evaluated with respect to 

their relationship to soil water content and soil  temperature. The study revealed significant 

differences between the two species. Picea abies was characterised by considerably longer-

lived fine roots compared to F. sylvatica (75th percentile for root-survival: 106 d and 41 d for 

P. abies and F. sylvatica, respectively). Fine root turnover, as expressed by the ratio of current 

mortality rate and the preceding standing root length density, was significantly lower for P. 

abies (0.22 yr-1) than for F. sylvatica (0.58 yr-1). Fine root formation in F. sylvatica exhibited 

a significant relationship to soil temperature with fine root growth being maximised as soil 

temperature almost reached its maximum and before the summer drought occurred. Also, fine 

root mortality in F. sylvatica showed large annual variation and was significantly related to 

edaphic factors. In contrast, fine root formation in P. abies peaked later in the year (August-

September) and showed no significant relationship to edaphic factors. Fine root mortality in 

P. abies also was not significantly related to edaphic factors and occurred at roughly constant 

rates throughout the year. The data show that there are species-inherent patterns of fine root 

longevity and corresponding spatial and temporal dynamics. The differences observed appear 

to be important preadaptations resulting in niche-differentiation between F. sylvatica and P. 

abies, the latter being adapted to environments low in resource availability.  
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Abbreviations: SRD - standing root length density; rg – root growth rate; rm – root mortality 

rate; T – soil temperature; W - soil water content; TDR - time domain reflectometry 

 

4.2 INTRODUCTION 

Fine roots are the most important plant organs for acquisition of water and nutrients. The 

formation of new fine root segments in favourable sites influences most effectively the 

absorption characteristics of the whole root system (Caldwell 1976, Caldwell and Richards 

1989). Consecutively, fine roots are assumed to be maintained as long as the integrals of 

benefits (water and nutrient uptake) and costs are balanced (Eissenstat and Yanai 2002). The 

continuous formation and shedding of fine roots, i.e. turnover, causes high construction costs 

and nutrient losses below ground (Joslin and Henderson 1987, Nadelhoffer and Raich 1992, 

Burke and Raynal 1994, Majdi and Andersson, 2005, Hendricks et al. 2006). The trade-off 

between fine root formation and fine root shedding, resulting in fine root longevity, therefore 

influences the efficiency of soil resource acquisition and finally plant competitiveness in a 

given environment (Eissenstat and Caldwell 1988, Schoettle and Fahey 1994, Yanai et al., 

1994, Aerts 1995, López et al. 2001).  

It has been well documented that the patterns of fine root dynamics differ largely between 

species, both in magnitude and timing (Dickmann et al. 1996, Hendrick and Pregitzer 1992, 

Black et al. 1998, Coleman et al. 2000, Ponti et al. 2004). Improving the insight in species-

specific patterns of fine root dynamics therefore is essential for our understanding of plant 

functioning and finally plant productivity and species competitiveness.  

Aerts (1995) hypothesized that the turnover of principal tissues for resource acquisition (i.e. 

leafs and fine roots) differs basically between evergreen and deciduous plants. Compared to 

deciduous species of similar habit, evergreens, adapted to low soil fertility, are expected to 

show lower turnover rates on the leaf as well as on the fine root level. This assumption is 

supported by the studies of Black et al. (1998) and Coleman et al. (2000) that showed 

evergreen species to exhibit higher root longevity under the same edaphic and climatic 

conditions than deciduous ones.  

The deciduous Fagus sylvatica L. (European beech) and the coniferous Picea abies Karst. 

(Norway spruce) are the most abundant tree species in Central Europe. Leaf turnover rate of 

P. abies (0.1 yr-1, Muukkonen and Lehtonen 2004) is substantially lower than for F. sylvatica 

(1.0 yr-1). Previous studies comparing the two species on different soils concluded 

belowground processes as an important mechanism in the dominance of F. sylvatica and 

evidence was found that this species exhibits a higher fine root turnover (Schmid 2002, 
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Schmid and Kazda 2002). Further differences between the root system of the two species 

were documented with P. abies showing the shallower root system and lower radial growth 

rates for coarse roots (Schmid and Kazda 2001, 2002). Also the structural properties of the 

root systems showed higher clustering intensities within smaller radii for Norway spruce 

whereas European beech formed weaker clusters at larger areas (Fleischer et al. 2006). Using 

data from soil pits and soil coring, these studies are based on point-in-time measurements and 

therefore provided no insight in dynamic properties.  

The present field-study compares the dynamic patterns of fine roots of mature F. sylvatica 

and P. abies. Based on differences in spatial rooting characteristics between the two species 

together with contrasting leaf longevity and thus mean residence time for nutrients (sensu 

Aerts 1995), two hypotheses were formulated: i) Under similar edaphic and climatic 

conditions the evergreen P. abies exhibits higher fine root longevity and thus lower fine root 

turnover. Consecutively, ii) root growth and mortality in P. abies and F. sylvatica show 

different relationships to edaphic factors, notably soil water status and soil temperature. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Site description 

The study site is located in the “Kranzberger Forst” near Freising, Germany (48° 25` N, 11° 

39` E, 490 m a.s.l.). The climate in this region is sub-atlantic to sub-continental. Mean annual 

precipitation and temperature (1970-2000) in this area are 786 mm and 7.8 °C, respectively 

with more than the half of precipitation (442 mm) occurring in the growing season between 

May and September.  

The study site is flat with a slight northern exposition (1.8°). Soils in this area developed from 

tertiary sediments and quaternary loess that cover a layer of gravel and clay. The soil is 

classified as haplic luvisol (Ah-A l/Bv-Bt/Bv-II-B t/Bv) with moder being the predominant 

humus  form. The soil type is between loamy and silty clay. The soil layering is very 

homogenous and there are no large soil structural units like stones or confined compactions. 

Soil water pH was low and ranged between 3.8 and 4.5. No significant differences were found 

between the two plots concerning concentrations in soil water respectively for NO3, SO4, Ca, 

K and Mg (see appendix).  

Fine root observations were carried out in ca. 60 years old, mono-specific stands of F. 

sylvatica and P. abies,  both building dense stands with closed canopies. Both species form 

late-succesional stands but differ in their natural distribution. F. sylvatica occurs in lower 
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altitudes (colline to montane) on a broad range of different soil types. P. abies is common in 

areas with cool and humid climate and cold winters on soils with low base saturation and even 

can be found on very poor soils such as the margins of bogs (Sebald et al. 1993, Ellenberg 

1996). Forestry favoured P. abies on large areas in Central Europe that would naturally be 

colonized by F. sylvatica. 

Due to former forest management of the research site, the plot of F. sylvatica comprised ca. 

50 individuals being surrounded by a larger plantation of P. abies. There was almost no 

understorey except few individuals of Rubus fruticosus L. and small patches of Carex 

brizoides L. indicating high nutrient availability and slightly impeded drainage. 

 

4.3.2 Root observation  

The study belongs to a large research activity (SFB 607, Nunn et al. 2002), studying the 

effects of  elevated ozone levels on mature trees of F. sylvatica and P. abies. The results from 

root monitoring on the control stands were subjected to evaluation of the species-specific 

differences in fine root dynamics. Individual fine roots (≤ 2 mm diameter) were observed 

using minirhizotrons. In April 2002 eight minirhizotrons were installed randomly in each 

stand of F. sylvatica and P. abies . Minirhizotrons were installed as pairs with a tube distance 

of 50 cm. Minirhizotrons consisted of glass tubes (65 cm long with an inner diameter of 50 

mm) installed perpendicular in the soil (cf. Smit et al., 2000). Heat absorption and light 

penetration were prevented by coating the aboveground parts of minirhizotrons with white 

adhesive foil upon a black one. Openings were additionally capped by metal casings covered 

with aluminium foil. Imaging was conducted by combining a rigid borescope with a cold light 

source (Olympus, Hamburg, Germany) and a digital camera (Olympus Camedia C-5050). 

Images were made in six equal depth levels (3.4 –  8.6 cm, 10 – 15.2 cm, 16.6 – 21.8 cm, 23.2 

– 28.4 cm, 29.8 – 35 cm, 36.4 – 41.6 cm) and in four directions each. One image covered 

13.14 cm2 resulting in an area observed of 315.4 cm2 per minirhizotron, i.e. a 52 % coverage 

of the inner tube surface.  Exact vertical and horizontal alignment of the borescope was 

enabled using a self-made adapter. Minirhizotrons were monitored from January 2003 to 

February 2005. The comprehensive evaluation on root length basis was done for both species 

only for the 12 months period from December 2003 to December 2004. The targeted time 

interval of fine root monitoring was two weeks during the vegetation period and was extended 

to four weeks in winter months. Root observation for F. sylvatica and P. abies was done on 

the same dates therefore enabling a direct comparison.  
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4.3.3 Root data 

Due to the optical system used and the tube’s curvature, images were strongly distorted thus 

preventing a direct root-length measurement on screen. Instead, a modified method that has 

been described by Tennant (1976) was used. An identically distorted 1 x 1 mm grid was 

superimposed on the minirhizotron images (Adobe Photoshop 7.01) and number of quadrants 

being intersected by fine roots were counted. The system was calibrated by applying the same 

procedure on lines of known length that were photographed with the same 

minirhizotron/borescope combination. Orientation and curvature of the lines were random and 

lengths of the lines ranged in dimensions as were found for fine roots (4 – 20 mm). Linear 

regression revealed a strong, almost 1:1 relationship between quadrants counted (c) and 

length (L) (L = 1.04 * c, p < 0.001, R2 = 0.96, n = 246). This equation was used to convert 

quadrant counts to root length.  

Individual fine roots were differently labelled and the respective lengths were summed for 

each image. Standing root length density (RLD) within an image was provided by calculating 

the root length at a given point in time and relating it to the area observed [mm dm-2]. Fine 

roots were assigned concerning whether they appeared at time(t) or disappeared at time(t+1). 

Fine roots that disappeared from the minirhizotron surface were defined as dead. If 

disappearance was a gradual process, fine roots were labelled as dead as they started 

shrivelling, being indicated  by clear changes in the shape or the contrast to the background. 

Accordingly, fine root mortality rate (rm) was provided by relating the respective sum of dead 

root-length to the area observed and the time interval between sampling dates [mm m-2 d-1]. 

Area-related fine root growth (i.e. length increment by formation of new roots plus root 

elongation) was derived from the following relationship: 

[1]   RLDt+1 = RLDt + RLDg – RLDm     

[2] or  RLDg = RLDt+1 – RLDt + RLDm     

where RLDg and RLDm are the root length growth and root mortality, respectively between 

the sampling dates at t and t+1 [mm dm-2]. Root growth rate (rg) was then calculated by 

relating RLDg to the time interval between sampling dates [mm m-2 d-1].  

To facilitate the comparison of temporal patterns, respectively for fine root growth and 

mortality, relative cumulative fine root growth (RLD*
g) and mortality (RLD*

m) was 

introduced for the 17 observation dates (cf. Figures 3 and 5). Pooling all soil depths, these 

parameters were calculated for each sampling period from the beginning of observations till 

sampling date n (equation [3] and [4]): 
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Differences in fine root turnover between the two species were assessed as annual fine root 

turnover index [yr-1] according to Hendrick and Pregitzer (1992). This value was calculated as 

the ratio of root length mortality and the initial RLD being pooled for all soil depths. In order 

to account for between-species differences in RLD, normalised root growth rate and mortality 

rate [yr-1] were calculated according to equations [5] and [6], respectively:  

[5]   r*
g  (t)  = rg (t) / RLDt-1 

       

[6]   r*
m (t) = rm (t) / RLDt-1 

       

Separated for each depth level and sampling interval, normalized mortality provides analogue 

information as turnover index, but accounts for spatial and temporal changes in RLD. 

Additionally, a cohort analysis based on root number was performed. For this, the fate of fine 

roots that appeared on the sampling dates between 26th May 2004 and 19th August 2004 was 

observed and fine root longevity was calculated using a Kaplan-Meier model. To account for 

potential intra-annual differences in fine root longevity (cf. Ponti et al. 2004), the time period 

was subdivided into three cohorts comprising the observation dates 26th May/15th June 2004 

(cohort 1), 30th June/21st July 2004 (cohort 2) and 4th August/19th August 2004 (cohort 3). 

Cohorts comprised two observation dates in order to assure a sufficiently high number of fine 

roots. Data within the cohorts were progressively censored. 

 

4.3.4 Edaphic factors 

Fine root dynamics were studied concerted with soil temperature and soil water content (% 

vol.). For this, temperature and TDR probes were installed between each minirhizotron pair 

and data were logged continuously in 30 min. intervals by a data logger (DL2 data logger, 

Delta T, Burwell, UK). Soil temperature  probes (Delta T, Burwell, UK) were installed in 5 

cm and 25 cm depth. Soil water content was measured using TDR-probes (type ML2x, Delta 

T Devices, Burwell, UK). In order to facilitate installation and therefore to minimize 

disturbance, TDR-probes were installed in 45°. They thus integrated soil water content from 

13 cm to 17 cm depth. Soil water was extracted in 15 cm depth between the sampling dates 

using a porous soil solution sampler (UMS, Munich, Germany). Immoderate water extraction 

and thus competition to roots or biased water content data were avoided by installing TDR-

probes and soil solution sampler in different directions (distance ca. 10 cm) and limiting the 
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suction to – 0.55 bar. Water extraction was incomplete or not possible during dry conditions 

(Appendix). Soil water samples were transported to the laboratory in Ulm and was frozen 

until being analyzed. Ion-chromatography (Metrohm 792 Basic IC, Filderstadt, Germany) and 

atomic absorption spectrometry (Analytic Jena AAS 6 vario, Jena, Germany) was used to 

analyze anions (NO3, SO4) and cations (Ca, Mg, K), respectively. 

  

4.3.5 Statistical analysis 

Each minirhizotron pair was treated as one sample. Differences in sequentially measured 

parameters between the two plots were tested using repeated measurement ANOVA. The 

same model was applied for assessing the influence of species, soil depth, time and the 

interaction between these parameters on sequentially measured root data. Due to the low 

sampling size, Mann-Whitney U-test was used to test for significant differences in turnover 

indices and nutrient concentrations. Changes of fine root growth rate (rg) and mortality rate 

(rm), respectively in relation to changes in soil temperature and soil moisture, were assessed 

by multiple linear regression. To account for vertical gradients in soil moisture and 

temperature, only root data from soil layers next to the TDR-probe (i.e. 10 – 15.2 cm) were 

included. Accordingly, means of soil temperature from 5 cm and 25 cm depth were used for 

regression analysis. Regressions were performed separately for the whole studied period and 

the vegetation period (late April 2004 to end August 2004). As results of both time periods 

were similar, only data for the whole studied period are shown. Independent variables (soil 

temperature and water content) were omitted from the model if regression coefficient B did 

not differ significantly from zero. Cumulating for all minirhizotrons of the respective plot, 

survivorship functions were calculated and differences in fine root survival between species 

and cohorts were tested using Gehan-Breslow test. Fine root longevity was characterised by 

75th percentile and 50th percentile of the cumulative survival function, i.e. the time 

corresponding to 75 % and 50 % fine root survival, respectively. Statistical analyses were 

performed using the software packages “Statistica”, Rel. 6.1 (StatSoft Inc.) or “SigmaStat”, 

Rel. 3.1 (SysStat Sofware Inc.). 
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4.4 RESULTS 

Soil water content of both plots recovered from preceding very low to moderate values during 

 the winter 2004 (mean maximum, beech: 33.7 % vol., mean maximum, spruce: 30.9 % vol.; 

Figure 1). Soil water content under F. sylvatica was stable throughout large parts of the 

growing season but decreased rapidly from mid July on. This drought period lasted until the 

end of the growing season where soil water content reached very low values (mean minimum: 

14.8 % vol.). The course of soil water content under P. abies differed from F. sylvatica as 

there was already a relative dry period between May and June. In autumn, soil water under P. 

abies reached similar low values as in the F. sylvatica plot (mean minimum: 14.6 % vol.). The 

course of soil temperature (means of 5 cm and 25 cm soil depth) was very similar for both 

species. Soil temperature ranged between 1.3 ° C - 16.1 °C and 1.2 °C - 15.6 °C for the F. 

sylvatica and P. abies stand, respectively. 
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Fig. 1: Soil water content (with means ± 1 SE placed at dates of root observation) and soil 
temperature for the study period between December 2003 and December 2004. Data for P. 
abies are indicated by triangles and dashed line, data for F. sylvatica are indicated by circles 
and solid line.  
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Fine root growth rate between the two species studied differed (rg, p < 0.05) with P. abies 

exhibiting a higher mean growth rate than F. sylvatica (beech = 6.2 mm m-2 d-1; spruce = 21.2 

mm m-2 d-1, Figure 2). No significant difference, however, was found when root growth rate 

was normalised by the preceding RLD (beech = 0.34 yr-1; spruce = 0.46 yr-1, p > 0.05). 

In both species, absolute growth rates varied significantly in time (both p < 0.001) with mean 

length increments between 1.0 - 19.9 mm m-2 d-1 for F. sylvatica and 2.2 - 54.7 mm m-2 d-1 for 

P. abies, respectively. Fine root growth rate in F. sylvatica differed significantly between soil 

strata (p < 0.01) with highest values found in the uppermost layer (Figure 2). Moreover, there 

was a significant interaction time x soil depth (p < 0.001) for F. sylvatica, indicating different 

temporal courses of root growth between the respective soil strata in this species. P. abies 

contrasted to this as there was neither a significant influence of soil depth on fine root growth 

nor a significant interaction time x soil depth. Thus, fine root growth in F. sylvatica was 

characterized by considerable spatiotemporal heterogeneity whereas fine root growth 

appeared more homogenous in P. abies (Figure 2).  

As indicated by significant interaction species x time (p < 0.05), the two species showed 

different temporal patterns of fine root growth (Figure 3). Considering all soil layers, fine root 

growth in F. sylvatica was concentrated to summer months as almost the half of total fine root 

growth (43 %) took place within a 85 d time interval between 26th May and 19th August. In 

contrast, the majority of fine root growth in P. abies occurred much later in the year (53 % 

within a 91d interval from 21st July to 20th October) with maximal growth rates in September / 

October. Fine root growth in F. sylvatica showed a significant relationship to soil temperature 

(rg = 1.46 * T - 5.68, R2 = 0.24, p < 0.001). For P. abies, however, multiple regression 

revealed no significant relationship to the edaphic parameters measured. 
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Fig. 2: Fine root growth rate for F. sylvatica and P. abies separated for each depth level 

(means ± 1 SE) between December 2003 and December 2004. 
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Even though fine root mortality did not differ between the species (mean rm: beech = 11.4 mm 

m–2 d-1, spruce = 10.7 mm m–2 d-1) mean RLD of P. abies exceeded the one of F. sylvatica 

(Figure 4). However, a pronounced and significant between-species difference appeared when 

fine root mortality was normalised by preceding RLD. Accordingly, normalised fine root 

mortality of P. abies was roughly one third the one of F. sylvatica (spruce = 0.22 yr-1, beech = 

0.58 yr-1, p < 0.01) indicating a much lower fine root turnover in P. abies. Annual fine root 

turnover index yielded similar values (spruce = 0.23 yr-1, beech = 0.47 yr-1) but did not differ 

significantly between the species.  

Mean fine root mortality showed very similar variation for F. sylvatica (2.1 - 27.1 mm m-2 d-

1) and P. abies (2.7 – 27.3 mm m-2 d-1) and for both species highest mortality rates were found 

in the upper soil strata (Figure 4).  
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Fig. 3: Relative cumulative root growth for P. abies (triangles) and F. sylvatica (circles) 

over the study period (means ± 1 SE). The dashed line indicates constant allocation of root 

growth in time. 
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Fig. 4: Mean fine root mortality rate (± 1 SE) for F. sylvatica and P. abies separated for 

each depth level (bars) and mean standing root-length density (solid lines) over the study 

period. 
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However, fine root mortality contrasted between the species if spatiotemporal patterns were 

considered. Fine root mortality rate in F. sylvatica varied significantly with time (p < 0.001) 

and soil depth (p < 0.01) whereas none of these parameters significantly influenced mortality 

rate in P. abies. A significant interaction time x soil depth was found for F. sylvatica (p < 

0.001) but not for P. abies indicating F. sylvatica as the species also exhibiting the higher 

spatiotemporal heterogeneity for fine root mortality (cf. Figure 4).  

Distinct between-species differences in the temporal courses of fine root mortality appeared if 

all soil levels were considered (Figure 5). P. abies showed a very homogenous temporal 

pattern during large parts of the studied period whereas fine root mortality in F. sylvatica 

exhibited a  similar temporal course as was found for fine root growth (cf. Figure 3).  
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Fig. 5: Relative cumulative root mortality for P. abies (triangles) and F. sylvatica (circles) 

over the study period (means ± 1 SE). The dashed line indicates constant root mortality in 

time. 
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Consequently, a straight relationship between fine root growth and mortality appeared for F. 

sylvatica indicating the timing of fine root growth and mortality to be largely concerted in this 

species (Figure 6). Such straight relationship was not found for P. abies. Fine root mortality in 

F. sylvatica showed a significant relationship to edaphic factors, with mortality rates scaling 

positively with soil temperature and moisture (rm = 5.0 * T + 2.8 * W – 78.5, R2 = 0.20, p < 

0.05). Again, no significant relationship was found for P. abies.  
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Fig. 6: Relative cumulative fine root growth plotted against relative cumulative fine root 

mortality for P. abies (triangles) and F. sylvatica (circles). The dashed line indicates the 1:1 

relationship between relative cumulative fine root growth and mortality. 
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Survival analysis revealed a significant difference in fine root longevity between the cohorts 

in P. abies (p < 0.001) with fine root longevity increasing successively from cohort 1 to 

cohort 3 (Figure 7, Table 1). In contrast, no significant difference among cohorts was found 

for F. sylvatica. Fine root survival differed significantly between the species with P. abies 

exhibiting the higher fine root longevity (p < 0.001, Table 1). When cumulating for the three 

cohorts, 75th percentile were 41 d for F. sylvatica and 106 d for P. abies, respectively.  

Median longevity in F. sylvatica accounted for 77 d whereas 67 % of the observed P. abies 

fine roots were still alive after a total of 190 d. Extrapolation of the survival curve in the form 

S(t) = a*exp(-b*t), with a and b being constants and t being the survival time, suggested a 

median longevity of 276 d in P. abies. 
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Fig. 7: Survival probability for fine roots of F. sylvatica and P. abies separated for the three 

cohorts. Numbers indicate the respective cohort.  
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Table 1: 75th percentile and 50th percentile (in parentheses) for fine root survival in F. 
sylvatica and P. abies. Different superscripts within a row indicate significant differences for 
fine root survival among cohorts. Multiple comparisons were done by Holm-Sidak method. 
All data are given in days. 
 

 

 

 

 

 

 

4.5 DISCUSSION 

At present, only few is known on patterns of fine root activity among forest types. Studies 

comparing fine root dynamics of different species under similar conditions are scarce and 

mostly dealt with young trees (Black et al. 1998, Coleman et al. 2000, Ponti et al. 2004). In 

the present study, fine root dynamics of mature trees in adjacent stands and thus under similar 

resource availability were compared (see Appendix). 

4.5.1 Timing of fine root growth  

Soil temperature and water content are important covariates for root metabolic activity, 

nutrient availability and consequently nutrient uptake. As these parameters show a rather 

predictable annual variation in temperate zones, soil exploitation by fine roots of perennial 

plants might be expected to occur primarily in periods most favourable for nutrient uptake. 

Yet, the temporal patterns of soil exploitation and the relationship to edaphic parameters 

differed considerably between the species (Figure 3). The regression models applied pointed 

out soil temperature as the most important parameter for fine root formation in F.  sylvatica 

whereas the contribution of soil water status remained unclear. For P. abies the combination 

of soil water status and soil temperature did not reveal any significant influence on fine root 

formation.  

The models, however, do not consider the lifespan in which the benefits of a fine root can be 

integrated. Therefore, the different fine root lifespan between F. sylvatica and P. abies (Table 

1) must be taken into account in order to assess different relationships between root growth 

and edaphic parameters. Given the comparatively low fine root longevity in all cohorts of F. 

sylvatica (Figure 7), there must be a strong selective constraint to concentrate fine root 

formation in time periods and sites most favourable for instant nutrient uptake (i.e. significant 

 cohort 1 cohort 2 cohort 3 

F. sylvatica 35  (70) a 50 (91) a 41 (77)a 

P. abies 50 (106) a 70 (--)a --   (--)b 
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interaction term „time x soil depth“). This assumption is strongly supported as soil 

exploitation in F. sylvatica was maximised as soil temperature almost reached its maximum at 

still high soil water availability (cf. Figures 1 and 2). Subsequent fine root growth was 

lowered as soil temperature started to decrease and summer drought was likely to occur. As a 

result, a large proportion of new fine roots of F. sylvatica was formed and existed in June / 

July, a time interval most favourable for nutrient uptake (cf. Figures 1, 3 and 6). Also, the 

higher spatiotemporal variation in fine root growth found for F. sylvatica might be the result 

of a necessarily higher precision in fine root formation compared to P. abies.  

Contrasting to F. sylvatica, fine root growth in P. abies was not significantly related to soil 

parameters measured and growth rate was maximised at the end of the growing season under 

unfavourable conditions (cf. Figures 1 and 3). This apparently disadvantageous growth 

pattern, however, might be counterbalanced by increased fine root longevity (cf. Figures 3 

and 7). Accordingly, a large fraction of the fine roots that may gather the necessary benefits in 

the long-term as they will still exist in the following year, hence being able to use 

mineralisation periods and nutrient pulses in the following spring (cf. Figures 3 and 7). 

According to Grime (1994), the formation of long-lived fine roots in combination with the 

comparably homogenous soil-exploitation in P. abies, indicates this species to be pre-adapted 

for low resource availability. This finding agrees with a previous comparative study that 

found belowground competitiveness of F. sylvatica being higher in nutrient rich stagnic 

cambisol compared to nutrient poor podsolic cambisol (Schmid and Kazda 2002).   

4.5.2 Temporal patterns of fine root mortality 

Though fine root growth and mortality appeared simultaneously in both F. sylvatica and P. 

abies, the temporal patterns of fine root shedding differed significantly (Figure 5). In F. 

sylvatica, the temporal course of fine root mortality appeared to be closely linked with fine 

root growth (Figure 6). Moreover, the relationship to the edaphic parameters measured was 

similar for both root growth and mortality indicating accelerated fine root mortality under 

conditions actually most favourable for nutrient uptake (i.e. high soil temperatures at 

sufficient moisture, cf. Figures 1 and 5). These findings suggest fine root shedding in F. 

sylvatica to be largely concerted with recent soil exploitation resulting in a relative rapid fine 

root shedding following the formation of new root segments in favourable sites. Similar 

relationships between fine root growth and mortality have been reported for other species 

exhibiting short lived fine roots such as Quercus ilex, Q. robur and Fraxinus oxyphylla 

(López et al. 2001, Ponti et al. 2004).  
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Such relationship between growth and mortality  of fine roots was not found for P. abies as 

there was no straight relationship of fine root mortality to environmental parameters or fine 

root growth, respectively (Figure 6). In fact, fine root shedding in this species took place at 

rather constant rates (Figure 5). In contrast to F. sylvatica, however, the lifetime benefits of P. 

abies fine roots are integrated over a considerably longer time interval so that individual fine 

root life-cycles overlap to a much larger degree (cf. Figures 3 and 7).  

4.5.3 Fine root longevity and turnover 

The lifespan of a leaf or fine root is related  to the time in which the ratio of benefits and costs 

(i.e. efficiency) is maximised (Chabot and Hick 1982, Eissenstat and Yanai 2002). 

Accordingly, availability of soil resources is an important factor that strongly influences the 

balance of costs and benefits and thus an organ’s lifespan. For P. abies, the variation of fine 

root longevity as a response to altered soil resource availability was recently shown by Majdi 

(2001) and Majdi and Andersson (2005). The studies showed decreased median fine root life 

span as nutrient supply was increased. Despite the ability to alter fine root longevity, the 

present study revealed large differences between P. abies and F. sylvatica (Figure 7, Table 1). 

At present, only few studies reported data for median fine root longevity in mono-specific tree 

stands. The lowest values were 30-100 d for Populus spec. (Block et al. 2006), 67 d for Q. 

ilex (López et al. 2001), 70 d and 77 d, respectively for F. oxyphylla and Q. robur (Ponti et al. 

2004). The highest values reported were 291 d for Pinus resinosa (Coleman et al. 2000) and 

ca. 400 d for P. abies growing on poor podzol in northern Sweden (Majdi 2001, Majdi and 

Andersson 2005). Median fine root longevity of 77 d and ca. 276 d, respectively for F. 

sylvatica and P. abies, are within the range of literature and indicate these species to exhibit 

markedly short and long lived fine roots. 

Comparing fine root biomass data on different soils, Schmid (2002) suggested P. abies to 

exhibit a lower fine root turnover compared to F. sylvatica. As expressed on the basis of fine 

root length (normalised mortality), the present study confirmed this finding which 

corresponds to lower fine root longevity found for P. abies. Normalised mortality, indicating 

the percentage of RLD that is shed, was significantly lower for P. abies (0.21 yr-1) than for F. 

sylvatica (0.58 yr-1). Compared to F. sylvatica, the lower degree in fine root shedding in P. 

abies combined with similar normalised growth rate lead to the higher accumulation of 

standing root length (RLD) and eventually to similar absolute mortality rates (Figure 4).  

Higher tissue longevity or low turnover rate, respectively, is expected to be more effective in 

environments low in nutrient availability (Chabot and Hick 1982, Craine et al. 2002, 

Eissenstat and Yanai 2002). Moreover, tissue retention is an important means to lower 
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nutrient loss from the individual plant, which is a prominent adaptation on nutrient poor sites 

(Aerts 1995, 1999, Craine et al. 2002). Tissue shedding thus influences competitiveness in 

relation to different resource availability. In accordance to Schmid and Kazda (2002) the 

present data suggest differences in fine root longevity and turnover as one important 

preadaptation that finally leads to niche-differentiation. 

There is increasing evidence that tissue retention is one adaptation to limited nutrient 

availability that can be found on the leaf as well as on the fine root level (Schoettle and Fahey 

1994, Aerts 1995, 1999, Espeleta and Donovan 2002, Craine et al. 2002, Tjoelker et al. 2005). 

The present study supports this as the evergreen P. abies is characterised by much lower leaf 

as well as fine root turnover compared to deciduous F. sylvatica. This is in line with other 

comparative studies where evergreen species exhibited a higher fine root longevity under the 

same conditions than deciduous ones (Black et al. 1998, Coleman et al. 2000) whereas only 

minor differences were found in the comparison of two deciduous species (Ponti et al. 2004).  

 

4.5.4 Conclusions 

The present study confirmed both hypothesis and thus provided strong evidence for different 

species-specific patterns of fine root dynamics in mature stands of F. sylvatica and P. abies. 

Also, the root activity patterns observed were very similar to other stands of F. sylvatica 

(Ladefoged 1939) and P. abies (Ladefoged 1939, Majdi, 2001). High fine root turnover in F. 

sylvatica enables to proliferate fast to favourable microsites which is also indirectly supported 

by higher radial growth rates of coarse roots compared to P. abies (Schmid and Kazda 2001). 

On the other hand, the long-lived fine roots of P. abies are connected to a strongly clustered 

system of small roots (2-5 mm diameter) (Fleischer et al. 2006) which indicates more 

conservative and long-lasting exploitation of given resources. Species-specific patterns of  

root structure and dynamics will lead to sensitive response of the respective species and 

alterations in productivity and competitiveness in case of climatic extremes (Mainiero and 

Kazda 2006) or changes in soil fertility. Moreover, forest conversions from F. sylvatica into 

P. abies or vice versa, most likely affect carbon and nutrient cycling in soils not only via 

altered litter quality or quantity (e.g. Cassagne et al. 2004) but also via altered fine root 

turnover. 
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4.5.7 APPENDIX 

 Table 2: 50th percentile and 25th percentile (in parentheses) for nutrient concentrations in soil 

water. Same superscripts for a given date and nutrient indicate no statistical significant 

difference. All data are given in mg l-1. 

   25/03/04 09/04/04 28/04/04 11/05/04 26/05/04 15/06/04 30/06/04 21/07/04 

nitrate P. abies a31.3 (17.3) a 31.3 (20.3) a 38.3 (19.7) a 47.9 (14.9) a 42.1 (16.2) a 15.7 (9.7) a 11.6 (7.6) a 10.9 (4.8) 

  F. sylvatica a19.0 (16.8) a 15.3 (12.8) a 16.4 (15.5) a 15.0 (9.7) a 26.3 (12.5) a 5.0 (2.9) a 14.2 (0.8) a 4.6 (1.5) 

sulphate P. abies a 9.3 (7.9) a 9.0 (7.7) a 10.4 (9.2) a 11.5 (10.2) a 9.8 (9.6) a 6.7 (6.4) a 8.8 (7.7) a 11.9 (7.7) 

  F. sylvatica a 5.4 (4.1) a 4.4 (4.3) a 5.4 (4.6) a 15.0 (9.7) a 4.4 (2.8) a 5.9 (4.3) a 7.3 (6.0) a 7.5 (5.1) 

calcium P. abies a 4.9 (2.4) a 4.8 (3.0) a 4.8 (3.4)     a 2.4 (1.3) a 2.1 (1.6)   

  F. sylvatica a 3.9 (2.9) a 2.4 (2.3) a 3.1 (2.2)     a 1.0 (1.4) a 1.5 (1.1)   

potassium P. abies a 3.0 (0.9) a 2.1 (1.1) a 1.6 (0.8)     a 1.9 (0.9) a 1.3 (0.3)   

  F. sylvatica a 1.0 (0.6) a 0.9 (0.8) a 1.0 (0.8)     a 0.9 (0.2) a 1.0 (0.4)   

magnesium P. abies a 2.5 (1.3) a 1.9 (1.3) a 2.0 (1.3)     a 1.6 (1.4) a 1.0 (0.7)   

  F. sylvatica a 1.1 (0.8) a 1.1 (0.8) a 1.0 (0.7)     a 0.9 (0.6) a 0.7 (0.4)   
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