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Abstract 
 
Plants have evolved various adaptive strategies for balancing the benefits and costs of having a 
high affinity for resources, plasticity of growth allocation and mycorrhizal symbiosis. The relative 
growth rates of mycorrhizal and non-mycorrhizal plants were modelled for stable and variable 
nutrient availability. Mycorrhizal plants had higher growth rates at low and non-mycorrhizal plants 
at high nutrient availability. Variation in nutrient availability reduced the growth rate of 
mycorrhizal plants due to a high affinity for nutrients. However, mycorrhizal plants may be able to 
buffer against external fluctuations and therefore experience less environmental variation than non-
mycorrhizal plants. Non-mycorrhizal plants may even benefit from variation.   
 The optimal allocation of growth between shoot and roots depends on the availability of energy 
and nutrients. The optimisation model predicted that the requirement for phenotypic plasticity of 
shoot/root allocation is greatest in environments with low resource availability. Plants with a high 
affinity for resources required more plasticity in order to tolerate variation than plants with a low 
affinity. The model predicted a trade-off between the ability to deplete resources and the ability to 
tolerate resource fluctuations. 
 Changes in the availability and ratio of resources lead to changes in the structure and 
composition of vegetation during primary succession. The field study of the forested phases of the 
land uplift island Hailuoto showed a successional change in the vegetation from the dominance of 
bryophytes and deciduous dwarf shrubs to dominance by lichens and evergreen dwarf shrubs. The 
humus layer became thinner and the availability of nutrients declined, while the C/N ratio of soil 
organic matter increased during succession indicating a decline in the quality of organic matter. 
The increased soil respiration rate indicates a successional increase in the energetic costs of 
decomposing organic matter. 
 Nutrients mediate both direct and indirect trophic interactions. Indirect interactions of nutrient 
cycling are not explicit in continuous time models. A transformation to a discrete time model was 
shown to make the indirect interactions explicit as transition probabilities and allowed their 
dynamic contribution to be evaluated with an elasticity analysis. The importance of indirect 
interactions was greater in tundra than temperate forest and increased with the rate of nutrient 
cycling. 
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1. Introduction 
 
 

1.1. Resources and plant strategies 
 
The availability of soil nutrients sets limits to plant growth rate, and nitrogen and 
phosphorus are the two most frequently limiting nutrients (DeAngelis 1992, Larcher 
1995, Marschner 1995). Trade-offs have been suggested to exist between the abilities to 
compete for resources in environments of high and low resource availability. Plants seem 
to be unable to both deplete soil nutrients and grow fast when nutrients are abundant, or 
tolerate shade and photosynthesise fast under conditions of high amounts of radiation 
(Tilman 1982, Grace & Tilman 1990). The depletion of nutrients in soil is a slow process 
but in the long run it is suggested to lead to the exclusion of nutrient demanding plant 
species or strategies from a nutrient deficient site (Tilman 1982, Grover 1997). When 
nutrients are abundant, fast growing plants are able to outgrow the slow growing ones. A 
change in the nutrient availability of a site may thus lead to a change in the species 
composition of a site, and also to a change within a species from one nutrient uptake 
strategy to another.  
 Mycorrhizal colonisation is variable in many plant species and mycorrhizal and non-
mycorrhizal strategies respond indifferent ways to the availability of soil nutrients 
(Pairunan et al. 1980, Thomson et al. 1986, Bougher et al. 1990, Smith & Read 1997, 
Titus & del Moral 1998). The winning strategy in competition for depleted nutrients often 
includes symbiotic association with mycorrhizal fungi (Smith & Read 1997). Due to their 
high surface-to-volume ratio fungi have a greater nutrient uptake capacity than plant roots 
but they impose an additional energetic cost to a plant, since they may consume up to 10�
30 % of a plant's photosynthates (Fogel & Hunt 1983, Finlay & Söderström 1992, Smith 
& Read 1997). This will significantly reduce plant growth rate when resource limitation is 
shifted from nutrients to light and photosynthetic carbon. The cost of mycorrhizae may 
then exceed the benefits to a plant. Many plants of nutrient rich habitats are therefore non-
mycorrhizal or have a lower mycorrhizal colonisation than the plants of nutrient poor 
habitats (Alexander & Fairley 1983, Smith & Read 1997). 
 Much theoretical and empirical research has been carried out to study the relationship 
between plant growth and the availability of soil nutrients. Temporal (e.g. Chapin et al. 
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1978, Mullen & Schmidt 1993, Grover 1997, Smith & Read 1997, Mullen et al. 1998) 
and spatial (Smith & Read 1997) variation in nutrient availability have received little 
attention in experimental designs, which rather attempt to keep nutrients at a constant 
level (Ingestad & Ågren 1988). The implicit assumption seems to be that growth with a 
stable availability of nutrients equals the average growth rate with variable nutrients. Plant 
species and strategies that differ in their response to a stable availability of nutrients are 
also likely to differ in their response to the variation of nutrients. This can be deduced 
from Jensen's inequality (Ruel & Ayers 1999), which predicts the difference between the 
average of a function and the function of an average. This mathematical property can be 
used for predicting the response of nutrient use strategies to variation in nutrients. 
 Plants require several resources, which are taken up with different organs and in 
variable ratios. Photosynthetic energy is harvested via foliage while nutrients are taken up 
by roots or mycorrhizal fungi. Plants therefore have to optimise their above and below 
ground growth allocation according to the ratio of resource availability. The optimal 
resource use theory (Rapport 1971, Bloom et al. 1985, Tilman 1988) suggests that plants 
take up resources according to their proportional limitation by each of the resources. For 
example, if growth is limited by the availability of nutrients rather than by photosynthesis, 
plants may increase their proportional growth allocation to roots and decrease allocation 
to shoots (Bloom et al. 1985). At the optimum, all resources will be equally limiting to 
growth. The ability to optimise requires phenotypic plasticity of allocation (Bradshaw 
1965, Grime et al. 1986, Sultan 1987, Scheiner 1993). Plasticity increases the range of 
resource availabilities a plant can adapt to. According to Chapin (1980), plants with 
higher maximum growth rates are phenotypically more flexible in their root vs. shoot 
allocation than slowly growing plants. Phenotypic plasticity increases the tolerance of 
plants to environmental variation and may therefore extend their geographic distribution. 
 Ecological interactions among plants often involve competition for nutrients. The 
nutritional quality of dead organic matter is one of the major factors determining the 
structure and composition of the soil decomposer community (Visser & Parkinson 1992, 
Janssen 1996, Mary et al. 1996, Currie 1999) and to a large extent it also determines the 
rate of nutrient mineralisation (Ågren & Bosatta 1996a,b). Nutrients become available to 
plants by decomposition and therefore have the potential to determine the rate of primary 
production of an ecosystem and are perhaps of greater theoretical and practical 
importance than generally believed (Ågren & Bosatta 1996b). Proper theoretical 
approaches to soil ecology have been sought and a long lasting debate in plant ecology, 
the one between J. P. Grime and D. Tilman on plant strategies (Grace 1991, Grover 
1997), spread belowground when Grime's (1977, 1979) theory was suggested to apply to 
soil systems (Wardle & Giller 1997). Grime (1979) considers plants to be exposed to 
stress (resource limitation) and disturbance (biomass removal) to a variable extent, which 
leads to corresponding strategies of stress-tolerators (S) and ruderals (R). The 
competitive-strategy (C) characterises plants that grow in resource rich (no stress) and 
undisturbed habitats. Besides these C, S, and R strategies there are combinations and 
intermediates including the indifferent CSR-strategy. Tilman (1982, 1988), on the other 
hand, models plant growth as a function of one to several resources and considers plant 
strategies to be adaptations to different combinations of the availability of resources. 
Tilman (1982) derives the minimum resource availability R*, that corresponds the needs 
of a plant, from the interaction of resource uptake by plants and the renewal of resources. 
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From an array of competing plant species, the most competitive is proposed to be the one 
with the lowest R*. Since nutrient renewal is dependent on soil microbes, the inclusion of 
nutrient mineralisation and other soil processes seems to be a natural extension of 
Tilman's theory.  
 Grime's (1979) theory has been criticised for numerous reasons, including the 
definition of stress, which Grime suggests to be a property of a habitat. The problem is 
that a low nutrient availability may be experienced as stress by some plant species while it 
may be optimal for others. Tilman's (1982) competition is defined as the ability to deplete 
the availability of resources to a level that is not sufficient for other species to persist. 
Tilman's resource competition theory thus predicts the long term competitive outcome 
and shares the common criticism for all equilibrium theories that nature is not at 
equilibrium. The properties that make a plant a good competitor under Grime's definition 
make it a bad competitor according to Tilman's criteria, since different traits are beneficial 
in competition for high relative to low resources. Grime and Tilman also differ in their 
view of the forces that lead to a successional change. Grime (1979) sees the successional 
increase in soil nutrient availability as declining stress and increasing competition. Tilman 
(1985, 1988) argues that the increase in nutrients and decrease in light during a 
succession leads to a shift from below-ground competition to above ground competition 
according to the ratio of available resources. 
 
 
 

1.2. Ecosystem development and functioning 
 
Under fortunate conditions primary succession can be studied as a time series (Rydin & 
Borgegård 1991) but empirical studies on succession are often based on the assumption 
that a successional time series corresponds to a spatial gradient in a landscape (Drury & 
Nisbet 1973, Glen-Lewin et al. 1992, Chapin et al. 1994). A major shortcoming with this 
approach is that the correspondence between time and space may be distorted by non-
successional spatial gradients while the benefit is that both ecosystem development and 
species response to an environmental gradient can be studied along transects representing 
primary succession. The successional gradient in terrestrial ecosystems usually involves a 
change in the thickness of the humus layer and the availability of soil nutrients (Odum 
1969). Changes may also occur in soil parent material due to leaching, nutrient uptake 
and podsolisation (Peet 1992). The amount of nutrients increases in the soil from the non-
vegetated early successional stages as dead organic matter accumulates on the soil surface 
(Chapin et al. 1994), but the trend may be reversed when an increasing proportion of 
nutrients becomes bound to biomass (Tilman 1985, Wardle & Ghani 1995). The long 
term dynamics of soil nutrient availability are largely determined by the rate of nutrient 
input from the atmosphere and leaching of nutrients with percolating soil waters 
(DeAngelis 1992). The short term nutrient dynamics and their availability to plants are 
largely determined by the activity of decomposers. Soil organisms, especially bacteria and 
fungi, have a key role in determining the rate of organic matter decomposition and 
thereby nutrient mineralisation. These processes determine the rate of nutrient supply to 
primary producers, largely determining the rate of biomass production and other 
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fundamental ecosystem processes in the temporal scale of plant generations (DeAngelis 
1992, Ågren & Bosatta 1996a,b). 
 There are detailed models on the interaction of detritus, decomposers and plants 
(Ågren & Bosatta 1996b), and complex and realistic models of nutrient cycling have also 
been constructed (e.g. Rastetter et al. 1997). On many occasions, however, the dynamics 
of nutrient cycling have to be interpreted from a linear, constant coefficient transition rate 
matrix of a differential equation model (Webster et al. 1975, Harrison & Fekete 1980, 
Carpenter et al. 1992, Polis & Winemiller 1996, Winemiller 1996). Direct nutrient flows 
are often considered to be central to nutrient cycling and threfore the indirect interactions 
are often neglected, although their importance has also been acknowledged (Abrams et al. 
1996). Indirect interactions in nutrient cycling can emerge e.g. from the possibility that 
nutrients move between several compartments during a finite time interval (Aikio 2000). 
The sensitivity and elasticity analyses of the dominant eigenvalue of a transition matrix 
indicate the contribution of individual transitions to the asymptotic dynamics of a system 
(Caswell 1989, Carpenter et al. 1992, Yodzis 1996) but indirect interactions are ignored 
when these analyses are based on a continuous time model (Aikio 2000). The inclusion of 
indirect interactions in an elasticity analysis would provide information regarding their 
dynamic role in nutrient cycling. 
 
 
 

1.3. Aims of the study 
 
In this thesis I examine the role of nutrients at several organisational levels from nutrient 
acquisition strategies of individual plants to nutrient cycling at the ecosystem level. I 
show the existence of a trade-off in resource competition under stable and variable 
conditions (I, II) which may provide new insight into the costs and benefits of 
mycorrhizal symbiosis (I) and the phenotypic plasticity of above and below ground 
growth allocation (II). The strong interaction between plants and soil microbes motivates 
the unification of the theories concerning the function of organisms in and above ground, 
which will promote the development of both (III). This functional approach guided the 
study of primary succession at the island of Hailuoto, the Gulf of Bothnia, where 
ecosystem development and the associated changes in plant and soil microbial 
communities are a consequence of post-glacial land uplift (IV). The largest scale in 
nutrient-mediated interactions is the nutrient cycle of a whole ecosystem. Many studies 
have discussed direct nutrient flows while ignoring indirect trophic interactions. I will 
propose a measure for the strength of indirect interactions and their contribution to the 
dynamics of nutrient cycling (V). 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

2. Methods 
 
The studies within this thesis employ both theoretical modelling methods and empirical 
field research. Only a general outline of the methods is given here, while more explicit 
descriptions are given in the original papers.  
 
 
 

2.1. Modelling 
 
 

2.1.1. Plant growth with variable nutrient availability 
 
A model was formulated for the rate of change in plant biomass as a function of soil 
nutrient availability (I). Soil nutrients were assumed to be a log-normally distributed 
random variable (Lindgren 1976). The growth rate function was fitted by the non-linear 
least squares optimisation method using Matlab's Optimisation toolbox (Coleman et al. 
1999) to published data on the relative growth rate of mycorrhizal and non-mycorrhizal 
plants of several levels of soil nutrient availability. The relative growth rate distributions 
were calculated from the distribution of soil nutrients, using the growth rate models as a 
non-linear transformation. The average growth rate with variable nutrients was compared 
to the growth rate with average availability of nutrients. The model was used for 
comparing the growth rate distributions of mycorrhizal and non-mycorrhizal plants and to 
detect how different traits of nutrient use, expressed as the parameters of the growth 
model, affect the shape and expectation of the growth rate distribution. Maple V (Char et 
al. 1991) computer algebra software was used for deriving the growth rate distribution 
from the nutrient distribution. The expectation of the growth rate distribution was 
computed numerically with Matlab (The MathWorks Inc, 24 Prime Park Way, Natick, 
MA 01760, USA). 
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2.1.2. Optimality and plasticity of shoot/root allocation 
 
The relative growth rate of plant biomass was assumed to be a saturating function of the 
availability of nutrients and energy (expressed as photosynthetic carbon), which were 
assumed to be in a multiplicative interaction with each other resulting in a two-resource 
Baule function (O'Neill et al. 1989, II). The component vectors of the Baule function's 
gradient were normalised to sum up to unity, which resulted in a measure of the 
proportional contribution of the two resources to the length and direction of the gradient. 
The contribution of nutrients and energy was used to determine the optimum proportion 
of growth allocation between roots and shoots. Optimal allocation proportions were 
represented as isoclines on a phase plane of nutrient and carbon availability.  
 The availabilities of the resources were assumed to have a bivariate normal distribution 
(Lindgren 1976). Four combinations of low and high availability of the two resources 
were presented in a phase plane of nutrient and carbon availabilities as circles or ellipses 
that correspond to ± 1 SD units of variation in resource availability. The resources were 
assumed to be either uncorrelated, or to have positive or negative correlation with each 
other. The amount of plasticity in shoot/root allocation, that was needed for adapting to 
the variation, was determined from the number of allocation isoclines covered by the 
ellipses. The more allocation isoclines an ellipse covers, the more the plant must be able 
to vary its shoot/root allocation. Traits associated with resource use were expressed as the 
parameters of the Baule function and studied for their effect on a plant's requirement for 
plasticity. The Baule function, its gradient and the contribution of the resources, as well as 
the confidence ellipses of the resource distribution functions, were calculated analytically 
with Maple V (Char et al. 1991). The graphical presentation of the model was computed 
numerically with Matlab. 
 
 
 

2.1.3. Indirect interactions in nutrient cycling 
 
A linear, constant coefficient system of differential equations was solved for a single time 
step with Maple V (Char et al. 1991). A discrete time model was constructed to be 
structurally similar to the continuous time model (V). The equality of the two models was 
used to derive a transformation from a transition rate matrix of continuous models to a 
discrete time transition probability matrix. The transformation was exemplified with the 
data of Webster et al. (1975) on nutrient cycling in tundra and temperate forest. The data 
were reanalysed for the return time of the ecosystems from perturbations to nutrient 
content, the stable nutrient content of the systems, the proportion of indirect interactions, 
and the dynamic contribution of the indirect interactions. The latter aspect was carried out 
using an elasticity analysis (Caswell 1989, Heppell et al. 2000) of the transition 
probability matrices that resulted from the transformation from continuous time models to 
discrete time models. The nutrient flow rates of tundra and temperate forest ecosystems 
were multiplied with values between 0.1 and 10 to investigate the effect of nutrient 
throughflow on the dynamics of the system. The throughflow rate was calculated as the 
ratio of nutrient flow to the stable nutrient content of the system. The return time from 
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perturbations, stable nutrient content of the system, the proportion of indirect interactions 
and the sum of indirect interaction elasticities were plotted against the nutrient 
throughflow in tundra and temperate forest ecosystems. The return times of the systems 
were calculated as the inverse of the absolute dominant eigenvalue of the transition rate 
matrix. The stable nutrient content of the systems was a product of the negative inverse of 
the transition rate matrix and the nutrient input rate vector. The analyses were performed 
numerically with Matlab. 
 
 
 

2.2. An empirical study of primary succession 
 
Primary succession was studied on three transects in Hailuoto, an island off the coast of 
the northern Baltic Sea (IV). The island is uplifting at a relatively constant 9 mm annual 
rate (Alestalo 1971). Three transects ran from the low elevations near the shore towards 
the highest parts of the island, and 5 study sites representing soils of different ages 
(Alestalo 1971, Alestalo 1979) were established on each transect. At each study site, five 
10 × 10 m quadrats were established along a line orthogonal to the transect and 5 m apart 
from each other.  
 In 1995, vegetation coverage was estimated visually using a percentage scale from ten 
systematically chosen 1 × 1 m squares within each quadrat, and soil samples were taken 
from the top 3 cm of the humus layer for the measurements of soil microbial properties. 
Another set of soil samples were taken for nutrient analysis from the whole thickness of 
the humus layer and the top 15 cm of the mineral soil in august 1997. The soil samples 
were homogenised and pooled for each quadrat giving 75 sampling units. 
 Basal and substrate induced respiration (SIR, Anderson & Domsch 1978) were 
determined as the average of two replicates using the Respicond II respirometer apparatus 
(Nordgren 1988). SIR was transformed to microbial biomass-C (Anderson & Domsch 
1978, with modifications). Plant available cations (Fe, K, Ca, Mg) were determined 
spectrophotometrically after ammonium acetate extraction (Halonen et al. 1983) and soil 
ammonium (NH4+) colorimetrically from the KCl extract using the method of John 
(1970). 
 Data were analysed using non-metric multidimensional scaling (Kruskal & Wish 1978) 
of the vegetation treating microbial and soil nutrient measurements as environmental 
variables (Minchin 1988). Soil nutrients were presented as the three principal 
components. The vegetation data was subjected to a two-way indicator species analysis 
(TWINSPAN, Hill 1979) to form vegetation clusters, which were then compared with 
respect to soil nutrient concentrations and microbial biomass and activity. Microbial 
variables and soil nutrient concentrations were also compared between altitude classes. 
Comparisons were made with a non-parametric Kruskall-Wallis test. The successional 
trend in C/N ratio of soil organic matter was assessed with Spearman's rank correlation.  
 



 
 
 
 
 
 
 
 
 
 
 
 

3. Results 
 
 

3.1. Adaptive strategies in response to resource variation 
 
The maximum growth rate and the half-saturation constant were higher in non-
mycorrhizal than in mycorrhizal treatments in all of the reanalysed experiments. A non-
zero threshold for growth was found in one case, where non-mycorrhizal plants had a 
threshold while mycorrhizal ones did not. The plant growth rate model fitted well to the 
relative growth rates of mycorrhizal and non-mycorrhizal plants at various levels of 
phosphorus availability (I). The highest nutrient concentrations were an exception, since a 
low growth rate at high nutrient level was not accounted for in the model.  
 The expectation for the plant's relative growth rate distribution in response to variable 
nutrient availability was different to the growth rate expectation at stable nutrient 
availability. When the growth rate function was decelerating for the whole range of 
nutrient availabilities, as was the case with the mycorrhizal plant, the growth rate 
expectation was lower in the variable than in the stable availability. When the growth rate 
function had an accelerating part at low nutrient availabilities due to a threshold for 
growth, as was the case with the non-mycorrhizal plant, growth was expected to be higher 
under conditions of variable nutrient availability than under stable nutrient availability, 
provided most of the variation in nutrient availability coincides with the accelerating part 
of the growth rate function. The difference between the expected growth rate at stable and 
variable nutrient availability increased with decreasing half saturation constant but was 
not related to the maximum growth rate. Mycorrhizal plants were more adversely affected 
by variation in nutrient availability than non-mycorrhizal plants, which were found to 
benefit from variation when expected availability was below their threshold of growth. 
 The shoot/root allocation isoclines were curves radiating from the origin of the carbon 
and nutrient availability phase plane (II). The isoclines were close to each other near the 
origin and diverged with distance from it. The semiaxes of the confidence ellipses of the 
resource availability distributions were parallel to the axes of the phase plane when 
nutrients and carbon varied independently of each other. The major semiaxes of the 
ellipses had a positive slope when the resources were positively correlated and a negative 
slope when the resource correlation was negative. The size (area) of the ellipses increased 
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with increasing variance of resource availability. The coefficient of variation was kept 
constant and the ellipses increased in size with increasing resource availability. 
 When the ellipses were superimposed on the shoot/root allocation isoclines at the 
phase plane of carbon and nutrient availability they covered more isoclines when there 
was low resource availability than when there was high availability. Thus a plant species 
growing under conditions of low resource availability requires more phenotypic plasticity 
in shoot/root allocation than the same plant growing under conditions of high resource 
availability, in order to adapt to variation. The ellipses cover more isoclines when 
resources have a negative correlation with each other than when the correlation is 
positive. The need for plasticity was therefore increased by the negative correlation of 
resource availability and reduced by positive correlation. Constraints of plasticity restrict 
plant growth in environments where the ratio of resource availability is very different 
from the optimum for the plant.  
 The effect of resource utilisation on the plasticity of shoot/root allocation were studied 
by changing the parameter value of either maximum growth rate or half saturation 
concentration and plotting the resulting allocation isoclines onto a resource availability 
phase plane. The phenotypic plasticity of shoot/root allocation was sensitive to variation 
in resource availability in a similar way to relative growth rate in Paper I. The allocation 
isoclines did not change with changes in maximum growth rate, which indicates that 
maximum growth rate of plant biomass is not related to the plasticity of shoot/root 
allocation. A low half-saturation constant made the isoclines diverge from each other than 
a high half-saturation constant.  
 
 
 

3.2. Nutrients in ecosystem processes 
 
Along a successional gradient in Scots pine (Pinus sylvestris L.) forests on the island of 
Hailuoto the field layer vegetation changed from a dominance of deciduous dwarf shrubs, 
mosses and herbs to a dominance by lichens and evergreen dwarf shrubs (IV). The 
nutrient concentration per unit area and the thickness of the humus layer declined with 
successional age. Contrary to the expectation, the nutrient concentration of soil organic 
matter did not change significantly during the succession. There was an increasing trend 
in the carbon-to-nitrogen ratio in the humus, however, suggesting a successional decline 
in the nutritional quality of organic matter. Microbial respiration rate per unit weight of 
organic matter increased along the successional gradient being highest in the lichen 
dominated sites. When soil nutrients, microbial biomass and activity were expressed per 
unit area, they declined along the succession. Soil processes were more closely related to 
the community structure of vegetation than to the successional age. The three early 
successional stages were rather variable in vegetation, nutrient concentration and 
microbial properties whereas the two late-successional stages were similar to each other. 
 Webster et al. (1975) modelled nutrient cycling in tundra and temperate forest 
ecosystems with a linear, constant coefficient differential equation model x'(t) = Ax(t) + z, 
where vector x(t) is the nutrient content of six ecosystem compartments (plants, 
consumers, detritus, saprophytes, plant available nutrients and nutrient reserve) at time t, 
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A is a matrix of nutrient transition between the compartments, and z is a vector of external 
nutrient input rate (V). The model was shown to have the same dynamic properties as a 
difference equation model x(t + 1) = Px(t) + n, where P is a transition probability matrix 
and n is a vector of annual nutrient input to the system. The models had a dynamic 
correspondence when the transition matrices had the relationship P = eA. This 
relationship was used as a transformation from the specific direct flow rates of matrix A 
to the probabilities of direct nutrient flows and indirect interactions in matrix P. Indirect 
probabilities came from the possibility of transition through several compartments during 
a finite time interval. The probability of an indirect interaction was sometimes greater 
than a direct nutrient flow from the same compartment. This occurred when the turn-over 
rate of the recipient compartment and the probability of nutrient movement were high. 
The indirect interactions were proportionally greater in tundra than in the forest. They had 
a weaker contribution to the asymptotic dynamics of the system than direct nutrient flows 
in this data set. The return time was shorter in tundra than in forest. An elasticity analysis 
of the dominant eigenvalue of tundra and forest transition probability matrices showed 
that the contribution of indirect interactions to the asymptotic dynamics of the nutrient 
cycle was greater in tundra than in forest. An increase in the speed of internal nutrient 
cycling, as measured by the throughflow of nutrients (i.e. the ratio of nutrient flow to the 
nutrient content of the system), decreased the return time in both tundra and forest and 
increased the resilience of the systems. Throughflow did not affect the stable nutrient 
content of the system, however. The proportion of indirect interactions increased with 
increasing nutrient throughflow. The contribution of indirect interactions, as measured by 
the sum of their elasticities, also increased with increasing nutrient throughflow. 
 



 
 
 
 
 
 
 
 
 
 
 
 

4. Discussion 
 
 

4.1. Plant strategies in response to variable resource availability  
 
The relative growth rate of plants typically increases with resource availability and 
becomes saturated at some maximum (Grover 1997). In a simple case, which can be 
described by a Michaelis-Menten function (Marschner 1995), the growth rate increases 
rapidly with an increase from zero to low nutrient availability but is smaller for conditions 
of high resource availability. In other words, the relative growth rate is a decelerating or 
concave function of resource availability (I). The response to resource availability is 
expressed with two parameters in Michaelis-Menten function: one for the maximum 
growth rate and the other for the steepness of the function. In some cases it is necessary to 
include a third parameter to account for the threshold nutrient concentration for growth. 
The threshold indicates the difference between the measurable concentration of a resource 
and the availability of the resource for a plant. A threshold parameter should be included 
in a model if there are reasons to assume that some of the traits or species under 
comparison are able to utilize a fraction of the resource which is not accessible to other 
plant types. A growth rate function with a threshold is more complicated than a 
Michaelis-Menten function, since it is accelerating (convex) at low and decelerating 
(concave) at high resource availabilities. The predictions that are based on a growth rate 
function with a threshold may therefore be qualitatively different from those of a function 
without a threshold (I). 
 Plants are usually limited by multiple resources, which often have an interactive effect 
on relative growth rate (Tilman 1982, 1988, O'Neill et al. 1989, Grover 1997, II). The 
concept of modelling plant growth rate as a function of resource availability is easy to 
extend to multiple resources by assuming a maximum growth rate and resource-specific 
half saturation parameters to account for the limitation by each of the resources. In the 
simplest case this yields the Baule function (O'Neill et al. 1989, II), which is essentially a 
product of two Michaelis-Menten functions. A single-resource model makes it possible to 
study the sensitivity of growth rate to variation in resource availability (I). A similar 
analysis could be carried out with multiple-resource models, which also enable the study 
of optimisation and growth allocation between resource uptake organs (II). The variation 
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in the allocation optimum makes it further possible to study the phenotypic plasticity of 
allocation. 
 The assumption of non-interacting resources has been found to be adequate in the 
experiments regarding resource competition by aquatic algae, which due to their 
unicellularity are limited in their allocation patterns (Tilman 1982, Grover 1997). 
Vascular plants in terrestrial conditions experience more variation in resource 
availabilities and environmental conditions than algae and their structural specialisation 
enables considerable phenotypic plasticity in resource allocation (Hutchings & de Kroon 
1994, Ågren & Bosatta 1996b, Grover 1997). Plants may also have some capacity to 
compensate for the low availability of a resource for instance by increasing the uptake of 
another, more abundant resource, which in turn increases the uptake of the depleted 
resource. This may occur e.g. in nutrient uptake by mycorrhizal plants, which can increase 
their carbon allocation to mycorrhizal fungi in nutrient-poor conditions and thereby 
increase their nutrient gain (IV). 
 
 
 

4.1.1. Trade-off 1: maximum growth rate vs. affinity for resources 
 
The trade-off between maximum growth rate and affinity for resources is one of the 
reasons why no single best strategy for resource competition has evolved (Chapin 1980, 
Grace & Tilman 1990). Both mycorrhizal and non-mycorrhizal plants exist since the 
benefit of being mycorrhizal or non-mycorrhizal varies with resource availability. 
Mycorrhizal plants have a lower maximum growth rate than non-mycorrhizal plants and 
they saturate at lower nutrient availabilities. This supports the hypothesis that being 
mycorrhizal is the best strategy for growth under conditions of low nutrient availability 
(I).  
 Good tolerance of low resource availability may lead to low maximum growth rate 
(Smith & Read 1997, I). Mycorrhizae are a net benefit to a plant when nutrients are in low 
supply but may become a net cost when nutrients are abundant. As the availability of 
nutrients varies seasonally, the benefit of mycorrhizal symbiosis to plant is also seasonally 
variable. Plants have some capacity to regulate their degree of mycorrhizal colonisation 
and seasonal changes in mycorrhizal colonisation have been reported (e.g. Brundrett & 
Kendrick 1988, Mullen & Schmidt 1993, Mullen et al. 1998). Plants may refuse to form 
mycorrhiza or be able to reduce the colonisation percentage if nutrient concentration does 
not favor being mycorrhizal (Bougher et al. 1990, Setälä et al. 1997), but fungi may 
benefit from plants even under such conditions. Especially the vesicular-arbuscular 
mycorrhiza forming fungi may resist the attempts of a plant to prevent infection, since 
they are unable to survive without a host plant (Smith & Read 1997). The costs of 
maintaining a physiological machinery that restricts fungal infection are probably 
comparable to the costs of avoiding fungal parasites (Harborne 1988). 
 Some of the reanalysed data (I) showed a reduction in plant growth rate under high 
nutrient concentrations (e.g. Howeler et al. 1982, Amijee et al. 1989). This phenomenon 
may be a toxic effect of unnaturally high nutrient concentrations, which the saturating 
growth model is not capable of describing. It is one of the simplest functions to capture 
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the essential features of plant growth as a function of nutrients (e.g. Marschner 1995). 
Alhough experiments have frequently demonstrated the toxicity of very high nutrient 
concentrations, it is questionable if this is a common phenomenon in nature. Plant species 
that frequently experience high nutrient concentrations are likely to be adapted to them, 
e.g. ecotypes have evolved to tolerate the extreme nutrient concentrations of serpentine 
bedrocks (Rune 1957). 
 
 
 

4.1.2. Trade-off 2: growth in response to stable vs. variable resources 
 
It is often assumed, perhaps implicitly, that the average growth rate when resource 
availability varies is the same as the growth rate with a mean resource availability. A 
more realistic situation can presumably be predicted from Jensen's inequality, which is a 
mathematical property of non-linear functions (Ruel & Ayers 1999). This inequality 
predicts that the expectation of a non-linear function of a random variable differs from the 
value of the same function which has the expected value of the random variable as an 
argument, i.e. E[f(x)] ≠ f[E(x)]. Plant growth rate may be considerably affected by 
variation in resource availability and the difference in growth rate under conditions of 
variable versus stable resource availabilitity depends on the shape of the function. If f(x) 
is accelerating, average growth rate will increase with increasing variance of x, but if f(x) 
is decelerating the average growth rate will decrease with increasing variance of x.  
 The decelerating Michaelis-Menten (I) and Baule (II) growth rate functions are more 
sensitive to fluctuations in resources of low availability than resources of high 
availability. This has important consequences for plant resource utilization strategies, 
since traits that increase the efficiency of resource uptake and long term competitive 
success under conditions of stable resource availablity increase the concavity of the 
growth rate functions and make plants increasingly sensitive to fluctuations in resources 
(I, II). There is thus a trade-off between the ability to grow at a low but stable availability 
of resources and the ability to grow when resource availability fluctuates. The relationship 
between resource variation and average plant growth rate becomes complicated when the 
growth rate function has both a concave and a convex part due to the existence of a 
threshold. Resource variation can then increase growth resulting in a positive relationship 
rather than a trade-off between relative growth rates at stable and variable resources. 
However, such a positive relationship only applies to a narrow range of low resource 
availabilities above which there is again a trade-off between resource variation and 
average growth rate. 
 The trade-off between the ability to deplete resources at constant availability and the 
ability to tolerate fluctuations in resources may allow the coexistence of species, that 
might otherwise outcompete one another in a stable environment (Levins 1979). Since 
good resource competitors, those that are able to deplete resources, are more affected by 
variation than inferior resource competitors, variation in resource availability may inhibit 
competitive exclusion. Resource fluctuations are predicted to be particularly detrimental 
to plants that are good competitors for stable resources. These plants would also gain 
greater benefit from adaptations that stabilize the rate of resource uptake. In nutrient 
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uptake such strategies could include increased nutrient storage and mycorrhizal 
symbiosis, which might stabilise the flow of nutrients to plants. The number of 
environmental dimensions doubles when the variation in each resource or environmental 
condition is considered to be a separate variable. This can increase the number of 
ecological niches (Hutchinson 1957). The increasing number of environmental variables 
increases the potential number of species that an environment can support and thus 
variation in resource availability has potential to increase diversity (Levins 1979, Tilman 
1982). The trade-off between the ability to tolerate resource fluctuations and grow at low 
resource availabilities may therefore be a factor that increases diversity.  
 
 
 

4.1.2.1. Mycorrhizal vs. non-mycorrhizal plants 
 
Mycorrhizal and non-mycorrhizal plants respond in different ways to the availability of 
nutrients as well as to the temporal and spatial variation in nutrient availability (I). When 
nutrient availability is stable, growth rate is predicted to be constant but variation in 
nutrient availability also causes growth rates to vary. Therefore, when nutrient availability 
varies, relative growth rates form a distribution with some expectation. The distributions 
of mycorrhizal and non-mycorrhizal plants differ in shape and consequently mycorrhizal 
and non-mycorrhizal plants differ in their response to variation in nutrient availabilities 
(I). Variation reduces plant grow rate if the growth rate function is decelerating, as it is 
for mycorrhizal plants. The expectation for growth rate in mycorrhizal plants declines 
more due to variation in nutrients than the expectation for growth rate in non-mycorrhizal 
plants. This is a consequence of the greater concavity of the growth rate function of 
mycorrhizal plants. The growth rate of non-mycorrhizal plants can be increased under 
certain conditions by variation in nutrient availability (I). This increase in growth rate 
requires that the growth rate function has a convex part coincident with most of the 
variation in nutrient availability. Convexity can be introduced to a growth rate function by 
including a threshold parameter. 
 The variation in nutrient availabilities was assumed to be the same for both 
mycorrhizal and non-mycorrhizal plants such that the more adverse effects on mycorrhizal 
plants were due to the greater concavity of the growth rate function of mycorrhizal alone. 
The prediction that mycorrhizal plants are more sensitive to variation in nutrient 
availability than non-mycorrhizal plants seems to contradict empirical observations. 
Generally mycorrhizae are assumed to stabilize nutrient uptake in heterogenous 
environments (Cui & Caldwell 1996a,b, Smith & Read 1997). This apparent contradiction 
comes from the assumption of the growth rate model that the availability of resources 
fluctuates with an equal magnitude for both mycorrhizal and non-mycorrhizal plants. This 
will not be the case if mycorrhizal plants have more nutrients per unit biomass than non-
mycorrhizal ones, due to luxury accumulation (Stribley et al. 1980, Bolan 1991). Such 
accumulation would enable mycorrhizal plants to buffer the periods of low nutrient 
availability. The storage of nutrients in mycorrhizal plants would reduce the effect of 
fluctuations in external nutrient availability and stabilize the flow of nutrients reguired for 
physiological processes. The fungal hyphae could have similar stabilizing role, both by 
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effectively providing plants with nutrients, even when they are at low concentration 
(Smith & Read 1997) and by increasing the volume of nutrient storage. Mycorrhizal 
plants therefore appear to have a stronger buffer of internal nutrient concentration against 
variation in external nutrients than non-mycorrhizal plants. Therefore mycorrhizal plants 
experience smaller environmental fluctuations than non-mycorrhizal plants. Since a good 
ability to compete for nutrients involves a cost in making a plant more sensitive to 
variation in nutrient availability, mycorrhiza may have a dual role in nutrient competition 
by both increasing affinity for nutrients and stabilizing the flow of nutrient to a plant. In 
fluctuating and patchy environments the latter may be an important factor in the 
competition for nutrients and a reason for plants to maintain mycorrhiza. 
 The trade-off between the ability to deplete resources and the ability to tolerate 
resource fluctuation depends on the colonization by mycorrhizae. Variation in nutrient 
availability may also affect the composition of mycorrhizal fungal types. Herbs and 
grasses are relatively plastic in their shoot/root allocation and their vesicular-arbuscular 
(VA) -mycorrhizal colonization may be variable during a season (Smith & Read 1997). 
VA-mycorrhizae increase the nutrient uptake maximum (I) and may thereby facilitate the 
utilization of nutrient pulses increasing plant growth rate when resources are abundant. 
Ectomycorrhizal plants (most trees) may be less plastic than herbs and the degree of 
colonization by ectomycorrhizal fungi is often less variable than the colonization by VA-
mycorrhiza (Smith & Read 1997). Ectomycorrhizal plants generally grow in nutrient 
deficient conditions where the stability of nutrient uptake is presumably of greater 
importance than fast growth during nutrient pulses (Smith & Read 1997, I).  
 In the present analysis (I), variation in nutrient availability increased average plant 
growth rate when nutrient availability only exceeded the threshold during peak 
availabilities. Deserts provide an example where the availability of water is variable and 
only exceeds the threshold of growth during rainy periods. Some ephemeral plants may 
tolerate dry periods as seeds, and only grow and reproduce during the rainy periods. 
Among the analysed experiments, a threshold was only found in the experiment on 
Eucalyptus diversicolor (Bougher et al. 1990), where the nutrient level treatments were 
properly chosen and their number was high enough. However, experimental set-up may 
not be the only explanation. E. diversicolor is an ectomycorrhizal plant while the rest of 
the experiments were carried out with VA-mycorrhizal plant species. Ectomycorrhizal 
plants are able to utilize otherwise inaccessible sources of nutrients, such as organic 
nitrogen (Northup et al. 1995, Näsholm et al. 1998, Perez-Moreno & Read 2000) and  
mineral nutrients of the soil parent material (Jongmans et al. 1997). A threshold in growth 
response to soil nutrient availability may be demonstrated when naturally ectomycorrhizal 
plant species are grown with and without mycorrhizal inoculation. The VA-mycorrhizal 
plants treated with mycorrhiza or without it probably do not differ this much in amount of 
nutrients that they can potentially exploit. 
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4.1.2.2. Phenotypically plastic vs. fixed plants 
 
Variation associated with the low availability of resources sets greater requirements for 
phenotypic plasticity of a plant's shoot/root allocation than the variation associated with 
high resource availability (II). The prediction was made with the assumption that 
resources of high and low availabilties have the same coefficient of variation. If the 
variance is equal under conditions of low and high availability or if the low resource 
availability has a higher variance than the high availability, the difference between 
conditions of low vs. high resource availability is even greater. When resource availability 
is low, even slight variation can bias the resource ratio from the optimum for a plant. A 
plant growing under resource-poor conditions will therefore benefit more from plasticity 
of shoot/root allocation than the same plant growing under resource-rich conditions. The 
interactive-essential resources have little ability to complement each other when resource 
availability is low. Essential resources can not be replaced, but their complementarity 
increases with increasing resource availability due to the increased interaction between 
resources. The ability to vary shoot/root allocation is limited under conditions of low 
resource availability, since the interaction of resources is low and plants are sensitive to 
variation in both energy and nutrients.  
 The requirement of a plant for plasticity is greatly affected by the correlation of the 
availability of resources, and the effect of correlation is greatest when resources are at a 
low availability. A negative correlation between resources increases the variation in the 
resource ratio while a positive correlation reduces the variation in the resource ratio. 
Plants therefore need to express a wider range of allocation alternatives in an environment 
where resources are negatively correlated than in an environment where resources are 
positively correlated. A strict negative correlation of resources would require complete 
plasticity and a strict positive correlation would remove all needs for plasticity. At a large 
scale, environments have a negative correlation between the availability of nutrients and 
the amount of photosynthetic energy (Grover 1997). In dense vegetation there is little 
light at the field layer but the accumulation of organic matter provides higher soil nutrient 
concentrations than open habitats with plenty of light. Primary succession starts in 
habitats where nutrients are scarce but light may even be superabundant and suitable for 
quite different plant species than closed vegetation with a greater availability of nutrients 
but less light. At the landscape level, negative correlation between the availability of 
nutrients and light promotes diversity by reducing the probability of adaptation to the 
variation by means of phenotypic plasticity. 
 The stabilisation of resource inflow may be of competitive importance (Grover 1997, I, 
II). Some plants, e.g. coniferous trees, grow in habitats where they experience low 
nutrient availabilities but high amounts of photosynthetically active radiation (Larcher 
1995). Other plants, e.g. understorey herbs of deciduous forests, grow on more nutrient 
rich soils but under a dense vegetation and receive low amounts of radiation (Tilman 
1988). Conifers have a relatively high affinity for nutrients while herbs have a high 
affinity for light, which suggests that conifers are sensitive to variation in nutrient 
availability while herbs are affected by variation in the radiation environment. 
Ectomycorrhizae of coniferous trees may effectively stabilise the nutrient flow to a plant. 
Deciduous plants that live in shade only experiencing temporary light flecks may be more 
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affected by variation in the radiation environment than in nutrients, since there are few 
possibilities for stabilizing photosynthesis with respect to the variation in amount of 
incoming light (Ruel & Ayers 1999). Understorey herbs with a high maximum growth 
rate may have costs as declined growth rate decline due to variation in light availability.  
 Plants that are adapted to low, or alternatively, to high resource availability respond 
differentially to changes in resource availabilities. Plants with low resource requirements 
usually have a low maximum growth rate and already saturate at low resource 
availabilities. If resources are moderately available they only respond weakly to a surplus 
of resources. Plants with high resource requirements respond strongly to additional 
resources (Chapin 1991). This suggests that plants from resource-rich environments are 
more plastic than those from resource-poor environments. The analysis shows that the 
difference is not caused by a high maximum growth rate of nutrient demanding plants but 
by their higher half saturation concentration. If there is a lot of variation in the availability 
of resources that have a high mean availability, the ability to efficiently utilise the 
resource peaks is favoured. In such a case, species from highly productive habitats are 
predicted to have a greater flexibility in resource foraging. 
 Resources have a patchy distribution, especially when they are at low availability 
(Kleb & Wilson 1997). The plasticity of resource uptake organs enables foraging in 
resource-rich patches and the avoidance of resource-poor patches. Since fungal hyphae 
can explore soil with less costs than plant roots, mycorrhizal symbiosis probably makes 
the exploitation of soil resources more efficient in this respect, too. The ability to control 
mycorrhizal colonzation can also be a source of plasticity. A good availability of light or 
high concentration of atmospheric CO2 (Woodward et al. 1991, Rogers et al. 1994) 
enhance photosynthesis thus enabling the plant to increase aboveground growth, and also 
to allocate more resources below ground to facilitate nutrient uptake in nutrient poor 
environments (Zak et al. 1993, IV). This complementarity of resources is limited, as can 
is suggested by the acclimation of photosynthesis to elevated CO2 levels (Stitt & Krapp 
1999). In this experiment, plant growth rate increased with increasing CO2, but declined 
to the original growth rate faster in nitrogen-limited plants than in plants with a high 
supply of nitrogen.  
 The plasticity requirements of a plant were determined from the properties of the 
gradient of the Baule function (O'Neill et al. 1989). The curvature of the relative growth 
rate isoclines increases with increasing resource availability. This is a general property of 
the functions that assume the growth rate to be proportional to the product of the 
availability of the two resources (II). The multiplicative interaction of interactive essential 
resources was assumed in several models, including the one that fitted best to multiple 
data sets (O'Neill et al. 1989), and seems to be a rather safe assumption. The prediction of 
increasing complementarity and a reduced requirement for plasticity with increasing 
resource availability should be both general and robust. The actual shape of the growth 
rate function and its isoclines depend on the parameter values of the function. In the 
Baule-function (II) these were the maximum growth rate and the half-saturation constants 
for carbon and nutrients. Two species, or two genets of the same species, will probably 
differ from each other at least in one of the parameter values. If maximum growth rate 
alone differs, the two species are predicted to have equal requirements for the plasticity of 
shoot/root allocation. If they differ in their half-saturation constant, the plant which is 
more effective at exploiting low resources of constant availability (the one with the lower 
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half-saturation constant) is predicted to be more affected by resource fluctuations than the 
plant which is inferior at exploiting depleted resources. 
 
 
 

4.2. Nutrients in ecosystem function and development 
 
Much of the theory on plant growth and resource allocation, including the contribution of 
this thesis (I, II), is based on the response of plants to the availability of nutrients. For 
example, the well-known allocation principle is based on assumption of resource 
limitation (Cody 1966). The effect of nutrients extends from the physiological needs of 
individual plants to competitive interactions that modify plant community structure during 
succession (IV) and to ecosystem level trophic interactions that are mediated by nutrients 
(V). The availability of nutrients is largely determined by decomposers and nutrient 
mineralisation which therefore control the primary productivity of a system (III). 
Traditionally, the potential limitation by nutrients is treated implicitly as a constant 
carrying capacity of the system. This implies that resource dynamics are fast compared to 
the dynamics of consumers (Strauss 1991, Abrams et al. 1996). The dynamics of nutrients 
and soil organisms and their nutrient-mediated interaction with plants have received less 
attention. Theoretical approaches to link the dynamics of the soil subsystem to plant 
ecology have however been presented (DeAngelis 1992, Ågren & Bosatta 1996b, III). A 
theory that builds on the decomposition and mineralisation processes as determinants of 
the productivity of ecosystems seems to be a promising approach to soil ecology (III). 
The vast diversity of soil organisms and the problems involved in studying them have 
probably restricted rather than promoted the emergence of theory and generalisations, 
when the dynamics of soil processes have been interpreted from the properties of species.  
 The availability of various resources and their mutual relationships vary during 
ecosystem development, which leads to a change in resource-mediated competitive 
interactions during ecosystem succession (Tilman 1985, 1988, Grover 1997, IV) and 
alters the competitive hierarchy of plant species. Resource competition is an indirect 
interaction (Strauss 1991) but trophic interactions include both direct nutrient flows and 
indirect interactions between trophospecies (Yodzis 1996) that do not have a direct 
consumer�resource interaction with each other. The dynamic importance of indirect 
trophic interactions increases with the rate of internal nutrient circulation and may 
occasionally exceed the importance of direct feeding interactions. It is therefore important 
to evaluate their dynamic contribution as well as the contribution of direct flows (V). 
 
 
 

4.2.1. Resources and competitive interactions 
 
Ecologists have classified species as having various strategies, which help to epitomise 
the traits of resource utilisation and habitat requirements (Grover 1997). Classification 
must, however, be understood to serve only descriptive purposes. Grime's (1979) 
classification of plant species as being either competitors (C), stress tolerators (S) or 
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ruderals (R), or their intermediates, is based on the comparison of one species to another. 
This means, that the strategy label of a species depends on the sample of species which is 
considered in the classification, and the addition of a new species to the scheme may 
change the position of the previously classified species. The vast number of species living 
in soil and the practical difficulties that are associated with their identification guarantee 
that there are new species to be found and new descriptive information to be gathered for 
a long time in the future. The limited knowledge of their in situ functioning implies that a 
classification based on the current state of our knowledge would require major changes in 
future classifications. The classification of soil organisms to Grime's strategies, as 
suggested by Wardle and Giller (1997), must therefore be considered an unstable building 
block in theoretical soil ecology (III). Alternatives do exist, however. Quantities like 
biomass, nutrient concentration and respiration are based on species-independent physical 
measures. One of the goals in theoretical ecology is to unite fields that are otherwise 
treated as separate. This requires that studies are focused on the function of the 
subsystems rather than on patterns of species composition, and that subsystems share an 
independent unit of measurement, such as those presented above. The study of processes 
like energy flow and nutrient cycling promote this agenda, and decomposition, nutrient 
mineralisation and symbiotic interactions of soil organisms with plants should be studied 
in the soil subsystem. 
 The long term competitive success of a plant requires the ability to reduce the 
availability of a soil nutrient to a level that is sufficient for its own persistence but too low 
for its competitors (Tilman 1982). The ability to tolerate nutrient deficiency is associated 
with a slow growth rate and low biomass turnover rate, which requires in turn that the loss 
rate due to senescence is low. This further leads to a low input rate of litter to soil and a 
slow increase in the soil organic matter reservoir. A low rate of organic matter 
accumulation results in a thin humus layer, which will also dry easily (increasing the 
potential risk of fire). This was studied on a primary succession gradient (IV). Vegetation 
shifted from domination by bryophytes and deciduous dwarf shrubs to domination by 
evergreen dwarf shrubs and lichens. The microbial biomass and activity, as well as soil 
nutrient concentrations, decreased towards the late-successional stages. This supports the 
view that the availability of soil nutrients is a key factor determining both the vegetation 
composition and microbial properties (III). 
 Since the nutrient concentrations varied little when expressed per unit organic matter, 
the change in nutrient availability was connected with the considerable reduction in the 
thickness of the humus layer and the amount of organic matter in the soil. The rate of 
nutrient leaching probably increases with the thinning of the humus layer, since the 
variation in soil moisture is greater when there is little organic matter to retain rain water 
and thus buffer against the drying of the soil. The decrease in soil nutrients towards the 
later stages of succession is not a new observation (Crocker & Major 1955, Odum 1969, 
Tilman 1988, Peet 1992) but the age of the soil when nutrient concentrations began to 
decrease, was very young in comparison with that in some other chronosequences (e.g. 
Wardle & Ghani 1995), apparently due to the coarse texture of soil. 
 The change in vegetation composition suggests a decreasing quality of detritus during 
succession, which was supported by the increasing trend in the C/N ratio. This suggests a 
decline in the decomposability of organic matter (Kaye & Hart 1997). When microbial 
activity and biomass were expressed per unit mass of organic matter, the highest basal 
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respiration rate was in the lichen-dominated sites at the highest altitudes. The increase in 
soil respiration from bryophyte-dominated towards lichen-dominated vegetation has also 
been noted by Ohtonen and Väre (1998). The high soil respiration rate in this kind of 
situation becomes understandable, if energetic costs are involved, as recalcitrant, lignified 
compounds have a low concentration of nutrients (Wareing & Patrick 1975). Thus, if the 
C/N ratio of the detritus is high, the decomposers may not need to maximize carbon 
fixation in their biomass, and a greater proportion of the carbon can be used to supply 
energy for the processes of nutrient uptake. The C/N ratio of organic matter has been 
associated with high levels of recalcitrant compounds (Northup et al. 1995), which are 
abundant in nutrient-deficient conditions. In pine forests, organic nitrogen is the main 
nitrogen pool and is bound to compounds that are inaccessible to plants that are not 
engaged in symbiosis with ericoid or ectomycorrhizal fungi (Northup et al. 1995, 
Näsholm et al. 1998). The majority of plant detritus has a C/N ratio that is higher than the 
critical value for microbes, suggesting that there is also nitrogen limitation among 
decomposers. Plants and microbes are therefore potential competitors for nitrogen (Kaye 
& Hart 1997).  
 Since plants also become more nutrient-limited during succession, they may produce 
photosynthetically fixed carbon in excess to their physiological needs and have the option 
of allocating the carbon to mycorrhizal fungi (Smith & Read 1997, IV). The increased 
carbon allocation to mycorrhizae would increase their performance and contribute to the 
increased basal respiration. The ratio of sporocarp yields of mycorrhizal to saprophytic 
fungi is higher in dry, nutrient-poor soils than in moist, nutrient-rich ones (Väre et al. 
1996). A similar trend can also be expected in fungal communities below-ground, which 
means that the fungal community is less carbon-limited in nutrient poor than in nutrient 
rich ecosystems. 
 Different units for expressing soil properties are appropriate when the soil is examined 
as a medium where plants take up nutrients rather than as the habitat of decomposers (IV). 
Vegetation studies and ecosystem level questions require that nutrient concentration, soil 
respiration, microbial biomass and other measures of a similar nature are expressed per 
unit area of the habitat or alternatively per unit volume of soil. Area is an ecosystem-
independent measure that facilitates cross-ecosystem comparisons. The competitive 
interactions of plants also take place in space and nutrients are taken from certain area (or 
volume) of soil. The areal properties of soil are thus highly related to the performance of 
a plant in a given habitat. When soil properties are expressed per unit mass of organic 
matter, they describe the prevailing conditions in microbial subsystems, e.g. indicate the 
decomposability of dead organic matter. Although decomposers live on the surfaces of 
organic matter, the surface area of this complex, porous substrate is hard to analyse and 
nutrients concentrations can not be expressed per unit area of organic matter. The 
problems of averaging (Ruel & Ayers 1999, I) should also be considered when soil 
processes are studied. When measurements are made of soil samples that are 
homogenised for some volume, the measurements are averages for that volume. 
Decomposers experience soil at a much more precise scale than is practical in analysis 
methods. If the measurements are made from litres of soil volume, they can not indicate 
the small scale variation of soil. Decomposers may choose favourable microhabitats 
within that volume and experience greater nutrient concentrations that can be revealed by 
the larger scale measurements. 
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4.2.2. Trophic interactions 
 
The dynamics of nutrient cycling reflect the functioning of a whole ecosystem (DeAngelis 
1992). Area and volume-based measurements enable comparisons between different 
ecosystems and the different components of a given ecosystem. A common unit of 
measurement is a requirement for the construction of models of nutrient cycling. The 
input of nutrients to the system may be rather constant but the output of nutrients is 
proportional to the nutrient content of a system compartment. If, say, the proportion of 
nutrients that leach from a compartment is constant (as assumed in V), more nutrients 
leach from a high concentration than from a low one, and the system may remain at a 
stable state of nutrient content where the input and output of nutrients balance each other.  
 The nutrient cycling model that was considered in Paper V will reach an asymptotic 
state where the nutrient content and distribution are stable. The rate of approach to the 
stable state, i.e. return time from perturbations, can be interpreted from the dominant 
eigenvalue of the matrix of nutrient transition rate between ecosystem compartments 
(Neubert & Caswell 1997). The dominant eigenvalue of the matrix depends on all the 
elements of the matrix and their contribution to the dynamics can be evaluated from an 
elasticity or sensitivity analysis of the dominant eigenvalue (Caswell 1989, Heppel et al. 
2000). The elasticity of a zero valued, "non-existent" flow is zero but the sensitivity of 
such a transition is also zero if calculated according to the equation of Mesterton-Gibbons 
(2000). This approach neglects the dynamic contribution of indirect interactions. The 
transformation of a continuous time model to discrete time revealed the indirect 
interactions (V) and enabled a more thorough investigation of the interactions of nutrient 
cycling than continuous time models. 
 When a nutrient cycling model is constructed in continuous time the indirect 
interactions are implicit but included in the dynamics, and can be revealed with a 
transformation to discrete time. When a nutrient cycling model is constructed in discrete 
time in the first place, the data may be insufficient for giving non-zero transition 
probability estimates for indirect interactions. This is likely when the rate of nutrient 
throughflow is small and the measurement of a nutrient flow is based on a technique 
where the movement of a quantity of labelled nutrient is followed (Peterson & Fry 1989). 
The greatest proportion of the labelled nutrient is likely to be found in compartments that 
receive a direct flow from the compartment into which the labelled form was introduced. 
Only small concentrations can accumulate in compartments that are remote from the 
compartment into which the nutrient was originally introduced. It can therefore be 
recommended that a nutrient cycling model is first constructed in continuous time and 
then transformed to discrete time, if indirect interactions are to be studied (V). This is 
especially important in systems with rapid dynamics, where the contribution of indirect 
interactions is considerable. On the other hand, it is fortunate that the probability of 
detecting indirect interactions is greatest in systems where they are of greatest dynamic 
importance.  
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 The proportion and dynamic contribution of indirect interactions has the potential to 
increase with the number of compartments that take part in nutrient cycling (V). Indirect 
interactions are of greatest importance in systems where each compartment only has one 
direct flow to another compartment and the flow of nutrients is high compared to the 
nutrient content of compartments. The number of species increases at least during the 
early phases of primary succession, which suggests an increase of indirect interactions in 
nutrient cycling. The unforested stages that are vegetated by herbaceous plants and 
deciduous bushes attract herbivores, while forested stages probably experience less 
herbivory. The early and late successional stages may therefore differ in the dynamics of 
nutrient cycling in similar way to tundra and forest ecosystems (V). Odum (1969) 
suggested a successional decrease in the rate of nutrient exchange (comparable to nutrient 
throughflow rate). The probability matrix and elasticity analysis approach would reveal 
this trend as a decrease in the probability of indirect interactions and their elasticities. 
  
 
 



 
 
 
 
 
 
 
 
 
 
 
 

5. Conclusions 
 
Nutrients play an important role at all organisational levels of an ecosystem. The growth 
of an individual plant is crucially dependent or limited by the availability of nutrients and 
other resources, and several strategies exist for resource competition. Different traits 
facilitate resource competition under conditions of high vs. low resource availability. Low 
nutrient availability requires strategies of efficient uptake of nutrients with mycorrhizal 
symbionts and internal nutrient circulation. These traits have trade-offs in reducing the 
maximal growth rate and the capacity for fast uptake of abundant nutrients. The symbiosis 
with mycorrhizae is an energetic cost, which is only worth paying when nutrients, rather 
than energy, limit plant growth. Environments where both nutrients and light are abundant 
favour species that grow fast, and reproduce and colonise other temporarily non-vegetated 
patches. Such ruderal species characteristically do not form mycorrhizae. 
 Variation in nutrient availability complicates the interactions involved in nutrient 
competition. The traits that increase the affinity for plants to nutrients reduce the 
tolerance of plants to variation in nutrient availability. For example, the growth of 
mycorrhizal plants is adversely affected by variation in nutrient availability. The literature 
suggests that mycorrhizal plants are able tolerate variation in external nutrient availability 
to a greater extent than non-mycorrhizal plants. This may be a consequence of high 
nutrient storage by mycorrhizal plants, which buffers physiological processes against 
fluctuations in nutrient availability. The plants that benefit from variation in nutrients are 
able to exploit peak nutrient availabilities efficiently. If the average nutrient availability of 
a habitat is insufficient for a plant it may persist by effective utilisation of peak nutrient 
availabilities. 
 Further trade-offs in plant strategies include the allocation of growth between the shoot 
and roots. A limited potential for growth requires optimal allocation, which is greatly 
dependent on the availability and ratio of nutrients and energy. Optimally, plant growth is 
equally limited by all resources. The availability of nutrients and energy is variable and 
consequently optimal allocation is also variable. A plant can not choose its habitat and its 
persistence therefore depends on its ability to accommodate to variation. Phenotypic 
plasticity of shoot/root allocation increases the range of environmental conditions that can 
be tolerated. Environmental variation may be greater than the range tolerated by a plant. 
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The plasticity of allocation may be insufficient, especially when a plant grows under 
conditions of low availability of negatively correlated resources. 
 Soil processes have an important contribution to the structure and species composition 
of vegetation and the primary productivity of an ecosystem. A successional increase in 
biomass and productivity may reverse to a decrease when a significant proportion of 
nutrients is bound to the biomass and soil and a great proportion of the remaining soil 
nutrients are leached. This leads to a plant community which produces litter of low 
nutritional quality, causing the soil decomposer community to become dominated by 
species that are able to utilise the recalcitrant organic compounds, which increase in 
proportion in organic matter. Plants may increase carbon allocation to mycorrhizae when 
nutrients become more limiting and decomposers may use more carbon per unit of 
assimilated nutrient. This increases soil respiration rate in the low nutrient conditions 
which prevail at the late successional stages. 
 Plant adaptive strategies, ecosystem development and trophic interactions are too 
complex to be thoroughly examined in a single study. This thesis illuminates selected 
aspects of the role of nutrients at the different levels of ecosystems and shows that the 
functioning of a complex entity such as an ecosystem becomes tractable when general 
processes such as resource acquisition and nutrient cycling are emphasised. Ecosystem 
modelling does not have to mimic the whole complexity of a natural system but isolated 
questions can be studied with simple mathematical tools. 
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