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Stellingen 

I. Wortelonderzoek kan het daglicht niet verdragen. 

II. De algemeen gangbare opvatting dat snelgroeiende soorten morfologisch plastischer 

zijn dan langzaamgroeiende soorten wordt niet ondersteund door de tot nu toe 

uitgevoerde foerageer-experimenten. 

Dit proefschrift 

III. De korte-termijn voordelen van selectieve wortelplaatsing worden op de lange-termijn 

te niet gedaan door nutrientenverliezen als gevolg van het afsterven van wortels na 

uitputting van nutrientenrijke plekken. 

Dit proefschrift 

IV. Verschillen in foerageermechanismen tussen plantensoorten resulteren in een 

verschuiving van het concurrentievermogen in heterogene standplaatsen ten opzichte 

van homogene standplaatsen, zelfs als de totale hoeveelheid beschikbare nutrienten in 

beide standplaatsen gelijk is. 

Dit proefschrift 

V. Dichtheidsafhankelijke sterfte als gevolg van concurrentie tussen planten zal in 

natuurlijke vegetaties slechts zelden leiden tot een regelmatig patroon. 

VI. Een afstudeervak waarin begrazing moet worden gesimuleerd trekt meer studenten 

dan een afstudeervak waarin planten regelmatig moeten worden geknipt, terwijl de 

werkzaamheden identiek zijn. 

VII. Om de amame van het aantal sollicitanten op een promotieplaats te stoppen is het 

bieden van laptops, fletsen en bonussen niet voldoende. Talentvolle onderzoekers 

hebben meer behoefte aan loopbaanmogelijkheden op de universiteit (De Volkskrant, 

d.d. 17juli 1999). 



Vin. Academici liegen vaker dan anderen (Gelders Dagblad, d.d. 3 mei 1999), waaruit 

blijkt dat wijsheid en waarheid niet onlosmakelijk met elkaar verbonden zijn, hetgeen 

ook blijkt uit de beide gezegdes: "In Vino Veritas" (Horatius) en "Als de wijn gaet in 

den man, leyt de wijsheyt in de kan" (Jacob Cats). 

IX. Om gelijke tred te houden met de verengelsing in functieomschrijvingen zou een kas-

en proefveldbeheerder zich tegenwoordig beter plant manager kunnen noemen. 

X. Als je omslaat met een kano, gaat de peddel voor het meisje. 

Stellingen behorende bij het proefschrift: "Root foraging: the consequences for nutrient 

acquisition and competition in heterogeneous environments" van Bart Fransen. 

Wageningen, 10 September 1999. 
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Abstract 

Fransen, B.L.L. 1999. Root foraging: the consequences for nutrient acquisition and 

competition in heterogeneous environments. Ph.D. thesis, Wageningen University, 

Wageningen, The Netherlands. 

In natural habitats, the availability of essential mineral nutrients may vary widely from place 

to place and from time to time, at scales relevant to individual plants. Plants have developed 

root foraging mechanisms that enable them to acquire adequate amounts of nutrients in these 

heterogeneous environments. The ability of plants to proliferate roots in nutrient-rich patches 

has been shown frequently, but both the timing and the degree of root proliferation varied 

widely. Species from inherently nutrient-rich habitats in general display a higher relative 

increase in root density in nutrient-rich patches than species from inherently nutrient-poor 

habitats. This observation prompted the hypothesis that root foraging mechanisms differ 

between species from habitats of different nutrient availability. 

Overall, the results described in this thesis contradict this hypothesis. The higher 

degree of selective root placement displayed by species from more nutrient-rich habitats 

compared to species from more nutrient-poor habitats may result from differences in growth 

rate rather than from differences in root morphological plasticity. The results further indicate 

that selective root placement may confer an advantage in terms of nutrient acquisition in 

heterogeneous environments in the short-term, but in the long-term the increased root density 

may result in a lower rather than a higher biomass production in heterogeneous environments. 

However, root foraging abilities by which local nutrient patches are exploited may still be 

profitable when plants are grown in competition. The ability to rapidly exploit nutrient-rich 

patches due to root foraging characteristics seems to confer a competitive advantage in 

heterogeneous environments, even in the long-term. 

Keywords: competition, foraging, heterogeneity, nutrient uptake, perennial grasses, 

plasticity, root proliferation. 
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Chapter 1 

General introduction 

Plants are sometimes seen as dull because they 

'do not move', they 'do not behave' and they 

seem altogether passive. This is all a gross 

illusion. As we shall see, plants are exciting if 

only you are perceptive enough to appreciate 

the subtleties of their peculiar ways. 

J.W. Silvertown & J. Lovett Doust, 

Introduction to plant population biology, 1993. 



All plants require the same essential resources, such as light, water and nutrients, for 

maintenance, growth and reproduction. These resources are rarely evenly distributed within 

plant communities. An obvious example is the uneven distribution of light in the forest 

understorey, characterised by the constantly changing pattern of light flecks throughout the 

vegetation and on the ground. Perhaps less obvious is the uneven distribution of nutrients in 

soils. Soil patches of different nutrient availability are formed at various scales by abiotic 

factors (e.g. soil type, soil depth, micro-topography) as well as by biotic factors (e.g. litter 

production and decomposition). 

The lives of plants are strongly influenced by their sessile nature and having to endure 

their local situation without being able to seek more favourable conditions (Bradshaw, 1965 

in Bell and Lechowicz, 1994). However, individual plants are capable of placing leaves and 

root tips selectively in the resource-rich patches within their environment. These so-called 

foraging mechanisms enable plants to acquire adequate amounts of resources within their 

profoundly heterogeneous environments. 

This thesis describes experiments that investigate the root foraging characteristics of 

species of habitats that differ in nutrient availability in order to assess their long-term 

consequences for nutrient acquisition and competitive ability in heterogeneous environments. 

Nutrient heterogeneity 

Heterogeneity refers to a non-uniform distribution of resources or other biotic and abiotic 

environmental conditions in the natural surrounding of an organism (Stuefer, 1996). Nutrient 

availability may vary considerably within habitats, both in space and time (Robertson et al, 

1988; Lechowicz and Bell, 1991; Gross et al, 1995; Miller et al, 1995; Ryel et al, 1996; 

Cain et al, 1999), and even within the vicinity of individual plants. For example, in cold 

desert, nitrate concentration in the soil solution varied by an average factor of 12 at a 12.5cm 

scale and even at a scale of 3cm by an average factor of 2.8 (Jackson and Caldwell, 1993). 

Such small-scale heterogeneity can have profound effects on the performance of individual 

plants and on plant population dynamics (Antonovics et al, 1987; Bell and Lechowicz, 1991; 

Bell etal, 1991; Miller et al, 1995; Reynolds etal, 1997). 

It should be noted that heterogeneity is a general term that comprises several aspects 

such as contrast, scale, aggregation, predictability and spatial co-variance. Below I will 
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address only a few of these aspects; for elaborated treatments of heterogeneity see for 

example, Kotliar and Wiens (1990), Li and Reynolds (1995) and Stuefer (1996). 

Contrast refers to the degree of difference between patches or between the patch and 

the surrounding matrix (Kotliar and Wiens, 1990). If contrast is absent within species-specific 

perception limits, plants perceive their environment as functionally homogeneous (Stuefer, 

1996). The level of contrast that is necessary to induce a response is species- and resource-

dependent (Stuefer, 1996). 

Scale refers to the spatial and temporal dimensions of patches in a heterogeneous 

environment. Plants can perceive spatial heterogeneity only within a certain range of scales 

(Stuefer, 1996). The smallest scale at which an organism (e.g. plant) is able to respond to 

heterogeneity is termed 'grain' (Kotliar and Wiens, 1990). At smaller scales, the organism 

functionally perceives its environment as homogenous and does not respond to any structure 

that might actually exist (Kolasa 1989). The largest scale of heterogeneity to which an 

organism can respond is termed 'extent' (Kotliar and Wiens, 1990). The same terms can be 

used with regard to temporal heterogeneity. The range of temporal scales (i.e. patch 

longevity) that can be perceived and responded to by plants is determined by the response 

time of the induced processes (i.e. temporal grain; Stuefer, 1996), and by the lifetime of the 

organism (i.e. temporal extent; Stuefer, 1996). For example, in response to nutrient patches 

that are short-lived, 'slow' morphological plant responses like root proliferation are unlikely 

to enhance nutrient acquisition, but, in contrast, 'fast' physiological response, such as changes 

in the uptake capacity of roots, may increase nutrient uptake by plants (De Kroon and 

Schieving, 1990). 

The recurrent view in the literature on nutrient heterogeneity in different habitats is 

that spatial heterogeneity in nutrient availability is more marked in inherently nutrient-rich 

habitats whereas temporal nutrient heterogeneity is more important in inherently nutrient-poor 

habitats. This view originated from the influential paper of Chapin (1980) on the mineral 

nutrition of wild plants. Chapin (1980) stated, based on his own work in tundra's (Chapin and 

Bloom, 1976; Chapin et ai, 1978), that 'in infertile habitats it is likely that a large percentage 

of annual nutrient absorption occurs during nutrient flushes, particularly during late winter 

and early spring, rather than by steady-state absorption under average conditions'. While 

perhaps valid only for extremely nutrient-poor habitats, such as tundra's, Grime et al. (1986) 

generalised this view by stating in their paper on the ecological significance of plasticity that 

'These (i.e. reversible physiological changes) (...) facilitate the exploitation of the pulses of 

temporary and unpredictable resources supply which are characteristic of unproductive 



habitats'. Hereafter the statement that the supply of nutrients in nutrient-poor habitats is 

restricted to short, unpredictable nutrient pulses reappeared in numerous papers (Crick and 

Grime, 1987; Campbell and Grime, 1989; Hutchings and De Kroon, 1994). 

To date, however, there are no published studies that show conclusively that nutrient-

poor habitats differ in variability of nutrient concentration than nutrient-rich habitats 

(Robinson and Van Vuuren, 1998). Until now only two studies (Ryel et al., 1996; and Cain et 

al, 1999) have examined both spatial and temporal variation in nutrient availability during a 

growing season, but unfortunately they did not compare habitats that differed in nutrient 

availability. The only certainty about differences between nutrient-poor and nutrient-rich 

habitats is that they differ in the overall level of nutrient supply. In general, nutrient supply 

will largely depend on the processes of decomposition and mineralisation, which themselves 

are a function of temperature, soil moisture and soil acidity (Berendse et al, 1994). 

Foraging 

Plants have developed mechanisms that enable them to acquire adequate amounts of essential 

resources in heterogeneous environments. The description of plant responses to environmental 

heterogeneity in terms of foraging was first used by Bray (1954) when he described the search 

patterns of roots for nutrients in the soil. The term foraging has become common usage in 

plant ecology through the work of Grime and co-workers who, in analogy with the acquisition 

of patchily distributed food sources in animals, used 'foraging' to describe the ability of 

plants to project leaves and roots in resource-rich patches within the environment (Grime, 

1979; Grime et al, 1986; Campbell et al, 1991). 

Foraging is defined as the processes whereby an organism searches, or ramifies within 

its habitat, which enhance its acquisition of essential resources (Hutchings and De Kroon, 

1994; De Kroon and Hutchings, 1995). Foraging in plants is accomplished by morphological 

plasticity in response to environmental conditions, and may result in the selective placement 

of resource acquiring structures (leaves and roots) within the environment (Grime et al, 1986; 

Hutchings and Slade, 1988; Hutchings and De Kroon, 1994; De Kroon and Hutchings, 1995; 

Oborny and Cain, 1997). Plasticity is shown by a genotype when its expression can be altered 

by environmental influences. The change that occurs can be termed the response. Since all 
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changes in the characters of an organism that are not genetic are environmental, plasticity is 

applicable to all intra-genotypic variability (Bradshaw, 1965). 

Plants have frequently shown to be able to alter root morphology in response to 

nutrient enrichment, resulting in the proliferation of roots in nutrient-rich patches (Drew et al., 

1973; Drew, 1975; Drew and Saker 1975; Drew and Saker 1978; Crick and Grime, 1989; 

Granato and Raper, 1989; Jackson and Caldwell, 1989; Gross et al., 1993; Pregitzer et al., 

1993; Larigauderie and Richards, 1994; Bilbrough and Caldwell, 1995). However, both 

timing and degree of root proliferation appears to be highly variable among species from 

different habitats. 

In his triangular model of primary plant strategies, Grime (1974, 1979) proposed that 

there are three extremes of ecological specialisation (i.e. competitors, stress-tolerators and 

ruderals) each characterised by a set of traits within which distinct forms of plasticity are of 

major importance. The most interesting implication concerns the difference in the method of 

resource capture exhibited by the competitors and the stress-tolerators. (Grime, 1979). 

Competitors are species characteristic of stable productive habitats that depend upon 

the ability to sustain high rates of resource capture above and below ground. Morphological 

plasticity in the development of shoot and roots, together with the continuous repositioning of 

leaves and roots, brings about a continuous adjustment in the spatial distribution of absorptive 

surfaces above and below ground. Plasticity in competitors is part of an 'active foraging 

mechanism whereby high rates of resource capture are achieved through the ability to locate 

functional leaves and roots in the resource-rich zone's (Grime et al., 1991). 

Stress-tolerators are species characteristic of unproductive habitats that depend 

primarily upon the capacity to capture and retain scarce resources. The leaves and roots of 

stress-tolerators will be comparatively long-lived structures in which plasticity is expressed 

mainly through reversible physiological changes, which maintain functional integrity over the 

long life spans of individual organs and facilitate exploitation of resource pulses (e.g. 

mineralisation from decomposition events, Grime et al., 1991). 

Evidence is accumulating that inherently fast-growing species from nutrient-rich 

habitats display a higher degree of root morphological plasticity in response to nutrient 

enrichment than inherently slow-growing species from nutrient-poor habitats. Several studies 

have shown that fast-growing species generate larger relative differences in root length or root 

biomass per unit soil volume between nutrient-rich and nutrient poor patches (Crick and 

Grime, 1987; Caldwell et al., 1991; Robinson and Van Vuuren, 1998). 



This general observation raises the question to what extent the differences in foraging 

ability between fast- and slow-growing species result from differences in morphological 

plasticity or from differences in growth rate. 

It is important to distinguish foraging from growth. Foraging precedes and enhances 

resource uptake whereas growth follows from resource uptake (Hutchings and De Kroon, 

1994). However, a major problem exists with distinguishing foraging from growth, because 

some morphological alterations that accomplish the foraging responses to enhanced resource 

supply are expected simply as a result of the enhanced growth rate that is achieved when more 

resources are available. Hutchings and De Kroon (1994) suggested a "null-model" of foraging 

in which resource availability affects only the growth of the plant. A higher growth rate may 

be realised by a higher rate at which new stem and root branches and internodes are produced, 

as well as by the formation of longer and thicker branches. Common root morphological 

responses such as enhanced root length growth rate and enhanced lateral root branching 

accord with this null-model and should be regarded as manifestations of growth (Hutchings 

and De Kroon, 1994). Viewed in this way, root foraging ability and growth rate may be two 

sides of the same coin, and this may explain why fast-growing species display a more 

effective foraging behaviour than slow-growing species. 

In most empirical studies, morphological plasticity is typically analysed at a common 

point in time (Coleman et al, 1994; but see Rice and Bazzaz 1989 for a notable exception). 

The length of the growth period is identical for each species even though the inherent growth 

rate of the species is different. However, plants growing with different rates will be of 

different sizes when compared at a common point in time and may have different patterns of 

biomass partitioning over the various plant parts (Evans, 1972; Coleman et al., 1994; 

Coleman and McConnaughay, 1995). However, if plants follow the same developmental 

trajectory, there may be no differences in biomass partitioning when these plants are 

compared at equal sizes. Plasticity in traits representing any aspect of plant biomass should 

therefore be examined as a function of common biomass (Evans, 1972). Because foraging is 

accomplished by morphological plasticity, differences in foraging ability between species 

need to be examined at a common size instead of at a common time (see Hutchings & de 

Kroon 1994). Hence, while empirical evidence suggests that faster-growing species are more 

morphologically plastic than slower-growing species, this conclusion cannot be derived with 

certainty because of the interaction between growth rate and morphological plasticity. 
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Assessing the ecological significance of root foraging for mature perennial 

species in heterogeneous habitats 

According to foraging theory (Stephens and Krebs, 1986; Hutchings and De Kroon, 1994), 

selection in natural habitats will favour the foraging behaviour that generates the highest net 

long-term resource acquisition. 

In spite of the numerous studies on root morphological plasticity, still very little is 

known about the long-term benefits in terms of nutrient acquisition of root foraging 

responses. Many root foraging experiments are carried out with young plants, often seedlings, 

over a short time span (typically in the order of weeks), showing high rewards in terms of 

nutrient acquisition of root proliferation in heterogeneous environments (Drew, 1975; Drew 

and Saker, 1975; Drew and Saker, 1978; Crick and Grime, 1987; Granato and Raper, 1989). 

However, there are reasons to assume that the rewards in terms of nutrient acquisition of root 

proliferation for larger perennial plants in natural habitats may be lower than expected based 

on root foraging studies carried out so far. 

Firstly, trade-offs between investments in foraging structures and other plant functions 

(e.g. storage and reproduction) may play a role. Active foraging for immediate returns may 

comprise the long-term nutrient acquisition if reduced growth and storage reduces the future 

performance of the plants. However, trade-offs with reproductive or storage functions will not 

be manifested until the perennial plants reach some mature state. 

Secondly, in many root foraging studies, the nutrient concentration in the enriched 

patches is kept constant, due to a continuous replenishment with nutrient solution during the 

experiment (Drew, 1975; Drew and Saker, 1975, 1978; Crick and Grime, 1987; Granato and 

Raper, 1989;, Campbell and Grime, 1991). However, in natural habitats patch depletion 

occurs due to leaching nutrient uptake by plants and micro-organisms. Patch depletion is 

shown to limit the profits of root proliferation, (Van Vuuren et al, 1996; Hodge et al, 1998), 

and this may become more pronounced in the longer run. 

Thirdly, all root foraging studies so far were run over too short periods to include 

effects of root turnover. The merits of root foraging in response to nutrient heterogeneity are 

often defined in terms of nutrient uptake, but the net long-term nutrient acquisition of 

perennial plants is dependent on the balance between nutrient uptake and nutrient losses due 

to turnover of plant parts (Berendse 1985; Berendse 1994a,b). This balance can, however, 

only be accessed in long-term experiments with large, mature plants. 



Apart from these reasons why the benefits of selective root proliferation may be less 

advantageous than appears from experiments carried out today, the ecological significance of 

root proliferation, particularly in response to nitrate-enriched patches has been obscure for a 

long-time. Root proliferation enhances the uptake of poorly mobile nutrients such as 

phosphate. Most phosphate acquired by a plant originates in soil less than 1mm from the root 

surface (Nye and Tinker, 1977). Nitrate, in contrast, diffuses some three to four orders of 

magnitude faster than phosphate, and to absorb all nitrate from a patch roots should not have 

to proliferate as much as in a phosphate patch. However, species display similar degrees of 

root proliferation in response to nitrate-enriched patches as to phosphate enriched patches 

(Drew et al, 1973; Drew and Saker, 1978; Robinson, 1996). Combined with the above 

mentioned reasons, all limiting the rewards, in terms of nutrient acquisition, of root 

proliferation, the question arises why root proliferation in response to nutrient enrichment is 

so widespread among plants species. As a possible answer to this question, it has recently 

been suggested that root proliferation may confer a competitive advantage (Robinson et al, 

1999). The ability to rapidly reach, fill and deplete nutrient-rich patches prior to neighbouring 

plants will enhance to nutrient capture in a competitive environment. 

The species 

Comparative studies that tested for differences in root foraging ability between species have 

used species that differed widely in relative growth rate, thereby including species of different 

families and growth-form (e.g. Crick and Grime, 1987; Campbell et al, 1991). However, root 

architecture may in part be phylogenetically determined (Fitter and Stickland, 1991). Much of 

the variation between species may be associated with phylogenetic constrains. For example, 

the tendency for the grasses to exhibit less precise foraging than the herbs in the experiment 

of Campbell et al, (1991) may in part be phylogenetically determined (Grime, 1994). Hence, 

to avoid confounding effects of gross differences in growth form and phylogeny in the 

analysis of root foraging ability, species of a single family (Gramineae) were used this thesis. 

The consequences of root foraging for the nutrient acquisition and competitive ability 

of species in this thesis are investigated using Lolium perenne L., Holcus lanatus L., Festuca 

rubra L., Anthoxanthum odoratum L. and Nardus stricta L., all common perennial grasses 

with a wide distribution in western Europe (Weeda, 1994). The species used originate from 
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different fields along the Anlooer diepje, a brook in the 'Drentsche Aa' Nature Reserve in The 

Netherlands. The management in these former agricultural grasslands changed from cutting 

twice a year with fertilisation to cutting once a year without fertilisation (see Bakker, 1989). 

The fields differ in nutrient availability because the application of fertiliser was stopped in 

different years (Olff et al., 1990). The annual removal of the organic matter after mowing 

resulted in a marked decline in mineralisation and productivity, and in concomitant changes in 

the species composition (Olff and Bakker 1991; Olff et al, 1994). The pasture species Lolium 

perenne L. is replaced by Holcus lanatus L. shortly after fertilisation stopped. Holcus lanatus 

L. in turn is gradually replaced by Festuca rubra L. and Anthoxanthum odoratum L. (Olff et 

al, 1990; Olff and Bakker 1991). The last species, Nardus stricta, occurs only in the most 

nutrient-poor fields along the Anlooer diepje (Bakker 1989). 

Aim and outline of this thesis 

The central aim of this thesis is to answer the question: 'Do species from habitats that differ in 

nutrient availability utilise different foraging mechanisms to acquire heterogeneously 

distributed soil resources, and do these foraging characteristics contribute to the success of the 

species in their indigenous habitats?' 

To answer whether species from habitats of different nutrient availability differ in root 

foraging mechanisms, we first have to make an unambiguous distinction between foraging 

and growth rate, because phenotypic variation between these species may result from 

differences in growth rate rather than from differences in foraging ability. In Chapter 2, we 

show theoretically how the effects of foraging and growth rate on root biomass production in 

response to heterogeneity can be disentangled. 

The first experimental chapter (Ch. 3) describes the short-term root morphological and 

physiological responses of the species in response to spatial and temporal nutrient 

heterogeneity. Nutrient heterogeneity is created by applying equal amounts of nutrient 

solution in different spatial and temporal patterns. The ability of the species to acquire 

nutrients from temporally enriched nutrient patches is compared with their ability to exploit 

spatially enriched patches. This experiment provides basic information on root morphological 

and physiological plasticity of the species. 



In Chapter 4, we study the longer-term consequences of root foraging ability of the 

species in response to spatial nutrient heterogeneity. To mimic natural habitats, nutrient 

heterogeneity is created by mixing soils of different nutrient availability allowing patch 

depletion over a period of 3 months. The effectiveness of the root responses in terms of 

nutrient acquisition is determined by comparing the amount of nitrate and phosphate captured 

by the species in the heterogeneous treatment with that in a homogeneous treatment that had 

the same overall nutrient availability. 

In Chapter 5, the long-term effects of differences in root foraging ability and root 

turnover between Holcus lanatus a species characteristic of nutrient-rich habitats and Nardus 

stricta a species from nutrient-poor habitats on biomass production are determined during a 

two year experiment. Minirhizotrons were used to assess the root dynamics of the species 

non-destructively. In this way, the effects of differences in root turnover, primarily occurring 

during winter, on the effectiveness to exploit nutrient-rich patches can be studied. The species 

were grown under two levels of overall nutrient availability, but the contrast between the 

nutrient-rich and nutrient-poor patch was the same under both overall levels of nutrient 

availability. The same contrast under both overall levels of nutrient availability may invoke 

equal root foraging responses, but the benefits of root foraging may be lower in the overall 

low level of nutrient availability, because plants may not be able to acquire sufficient nutrients 

to offset their nutrient losses due to root turnover. 

In Chapter 6, we investigate the effects of differences in root foraging ability and 

nutrient acquisition on the competitive ability of species in heterogeneous habitats in another 

two-year experiment. Festuca rubra and Anthoxanthum odoratum, two species with similar 

growth rates were used to avoid differences in competitive ability resulting from large 

differences in plant size between the species. The species were grown in monocultures and 

mixtures in homogeneous and heterogeneous treatments. Nutrient heterogeneity was 

introduced at two spatial scales, coarse- and fine-grained, but the overall level of nutrient 

availability was the same in all treatments. Strontium labelling was used to determine the 

ability of the species to acquire nutrients when grown in mixtures in homogeneous and 

heterogeneous environments. 

10 
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Abstract 

Empirical evidence indicates that fast-growing species generally display a higher degree of 

selective root placement in heterogeneous environments than slow-growing species. Such root 

foraging is accomplished by root morphological responses, but since some morphological 

responses are simply the result of enhanced growth of the roots in the enriched patch it is 

difficult to separate the effects of root foraging and growth rate on the biomass accumulation 

of species in heterogeneous environments. 

Here a simple model is presented to disentangle these effects of root foraging and 

relative growth rate. Root foraging is incorporated as the selective allocation of root biomass 

per unit time to the nitrogen-rich patch. Growth rate differences among the model plants result 

from differences in nitrogen utilisation efficiency. In the model, the degree of selective root 

placement can be varied independently of growth rate. 

The model shows that when plants are compared at a common point in time, selective 

root placement and growth rate interact positively with respect to the enhancement of plant 

biomass accumulation in heterogeneous compared to homogeneous environments. However, 

by evaluating the model at a common plant biomass, the main and interactive effects of 

growth rate are eliminated. These results suggest that growth rate by itself does not confer an 

advantage in terms of resource acquisition and biomass accumulation in heterogeneous 

environments. Only the selective placement of resource acquiring structures (such as roots) 

leads to such benefits. The essential differences between foraging and growth, as well as the 

consequences of differences in foraging ability and growth rate between species for the 

competition for a limited resource, are discussed. 

Keywords: environmental heterogeneity, foraging, growth rate, model, nitrogen uptake, 

nitrogen utilisation, patchiness, plant growth, plasticity, root placement 
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Introduction 

Resources that are essential for plant growth (e.g. light and nutrients) are non-uniformly 

distributed within the neighbourhood of the plant (Jackson and Caldwell, 1993; Stark, 1994). 

Morphological plasticity enables plants to generate different patterns of placement of 

resource-acquiring structures in response to different environmental conditions, thereby 

enhancing the acquisition of essential resources - a process referred to as the foraging ability 

of plants (Hutchings and De Kroon, 1994; De Kroon and Hutchings, 1995). 

Root morphological plasticity generates higher root length and root biomass per unit 

soil volume in nutrient-rich patches compared to nutrient-poor patches (see Robinson, 1994; 

Robinson and Van Vuuren, 1998). In general, fast-growing species display a higher degree of 

root morphological plasticity than slow-growing species. Several studies show that fast-

growing species generate larger relative differences in root length or root biomass per unit soil 

volume between nutrient-enriched and nutrient-poor patches than slow-growing species 

(Crick and Grime, 1987; Fransen et al, 1998; Robinson and Van Vuuren, 1998). 

This general observation raises the question to what extent the differences in root 

density responses between species result from differences in foraging ability or from 

differences in growth rate. Two main problems exist with distinguishing foraging from 

growth in this context. 

First, some morphological responses to enhanced resource supply are expected simply 

as a result of the enhanced growth rate that is achieved when more resources are available. 

Hutchings and De Kroon (1994) suggested a "null-model" of foraging in which resource 

availability affects only the growth of the plant. A higher growth rate may be realised by a 

higher rate at which new stem and root branches and internodes are produced, as well as by 

the formation of longer and thicker branches. Common root morphological responses such as 

enhanced root length growth rate and enhanced lateral root branching accord with this null-

model and should be regarded as manifestations of growth (Hutchings and De Kroon, 1994). 

Viewed in this way, root foraging ability and growth rate may be two sides of the same coin, 

and this may explain why fast-growing species display a more effective foraging behaviour 

than slow-growing species. 

Second, growth rate may also play an important role with respect to the distribution of 

root length and root biomass per unit soil volume among nutrient-enriched and nutrient-poor 
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patches within the rooting volume. Let us assume that fast- and slow-growing species are 

equally selective in root placement, i.e. they allocate a similar proportion of root biomass to 

rich vs. poor patches per unit of time. After a given period of time, fast-growing species will 

then have produced more root length and root biomass in the nutrient-rich patch than slow-

growing species, simply as a result of their higher growth rate. Since nutrient acquisition will 

especially depend on the amount of roots in the nutrient-rich patch, fast-growing species may 

be expected to acquire more nutrients than slow-growing species in heterogeneous 

environments compared to homogeneous environments, even though the degree of selective 

root placement is the same. 

To disentangle the effects of foraging and growth rate on nutrient acquisition we 

developed a simple analytical model of whole plant biomass accumulation, using nitrogen as 

an example for nutrients. In the model, differences in relative growth rate between species are 

assumed to result from differences in nitrogen utilisation efficiency, i.e. the amount of 

biomass produced per unit of acquired nitrogen (Hunt et ai, 1990). Selective root placement 

is accomplished by a higher root biomass production per unit of time in the nitrogen-rich vs. 

the nitrogen-poor patch that, in turn, is the result of morphological responses such as 

enhanced root branching and root length growth in the richer patch. At the whole plant level 

and in the model, selective root placement is expressed as a higher percentage allocation of 

newly produced biomass to the nitrogen-rich patch per unit of time compared to the nitrogen-

poor patch. 

In this way, growth rate and selective root placement can be varied independently in 

the model. Their effects are assessed by comparing the biomass accumulation of plants as a 

function of relative growth rate and as a function of the degree of selective root placement. 

Whole plant biomass in heterogeneous environments is evaluated both after a given period of 

time as is done in most empirical studies, but also at a common whole plant biomass as is 

recommended by Coleman et al. (1994) for studies of biomass allocation and resource 

acquisition. The model is used to answer the following questions: What are the effects of 

selective root placement and growth rate on plant biomass accumulation in heterogeneous 

environments, and do selective root placement and growth rate interact in their effects? 

In the model a few deliberately simple assumptions are made. The nitrogen supply in 

both the nitrogen-rich and nitrogen-poor patch is kept constant, and nitrogen uptake is 

assumed to be proportional to root biomass. Under these conditions, plants will continue to 
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grow exponentially and selective root placement will have its maximum returns because the 

nutrients in the patches remain undepleted. While unrealistic, under these assumptions the 

model will show the greatest effects of relative growth rate and selective root placement on 

plant biomass accumulation in heterogeneous environments. 

Model description 

Plant growth 

Total plant biomass (i.e. dry weight) (MT) is given by: 

M ^ M L + M ^ + MR, (1) 

ML, M ^ and MRp are the biomass of leaves, roots in the nitrogen-rich patch, and roots in the 

nitrogen-poor patch, respectively. 

Plant growth, i.e. biomass accumulation per unit of time (dM^dt) depends on the 

nitrogen uptake rate of the plant (dNy/dt) and on the nitrogen utilisation efficiency (dMydN-,.) 

of the species (Hunt et al, 1990). In the model, the nitrogen utilisation efficiency is a species-

specific conversion parameter that describes the amount of biomass that a species can produce 

per unit weight of nitrogen taken up. Hence, plant growth is given by: 

dMT/dt = dMT/dNT * dNT/dt (2) 

The nitrogen utilisation efficiency (dMT/dNT) is assumed to remain constant during growth. 

We assume that differences in growth rate among the model species are exclusively caused by 

differences in nitrogen utilisation efficiency. Furthermore, we assume that (1) the relative 

allocation of biomass to leaves versus roots is equal among the model species, (2) that this 

allocation factor remains constant during plant growth, and (3) that this allocation factor is not 

influenced by the distribution of nitrogen over the patches. Let £ be the allocation of biomass 

to the leaves relative to the roots and let p be the degree of selective allocation of root biomass 

to the nitrogen-rich patch, then: 
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dML/dt = 4 x dM^dt (3) 

dM^dt = (1-4) x (J x dMT/dt (4) 

dMRp/dt = (1-4) x (l-p) x dMT/dt (5) 

Nitrogen uptake and environmental heterogeneity 

The nitrogen uptake rate of the plant depends on the amount of root biomass in the nutrient-

rich and the nutrient-poor patch given by MR, and MRp, respectively, on the nitrogen 

absorption rate of the roots (d>n) and on the nitrogen concentration in those patches, 

respectively given by NAr and NAp. Hence, the nitrogen uptake rate can be described as: 

dNT/dt = (MRrOnNAr + MRpcDnNAp) (6) 

The nitrogen uptake rate per unit root biomass is assumed to be non-saturating and to be a 

linear function of the local nitrogen concentration. In the model, nitrogen uptake does not 

result in depletion of the patches and as a result the nitrogen concentration in both patches 

remains constant. 

Environmental heterogeneity is created by varying the nutrient concentration of the 

patches under the provision that the average nitrogen concentration (NAM) over both patches is 

kept constant. Different heterogeneous environments are created based upon their patch 

contrast. Patch contrast (c) refers to the ratio of the nitrogen concentration in the nitrogen-rich 

(NAr) over that in the nitrogen-poor patch (NAp). Patch contrast (c) and the average nitrogen 

concentration (NAM) are described as: 

NAr NAr + NAp 

c = and NAM = (7) 
NAP 2 

By maintaining a constant patch contrast in the model, the maximum effect of selective root 

placement on plant biomass accumulation is to be expected. Plants experience a homogeneous 

environment if patch contrast is 1. In the heterogeneous environments plants experience a 

patch contrast that is higher than 1. 
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Table 1. List of parameter units and values used in the model. 
Symbol 

MT 

ML 

MR, 

MRp 

dMT/dNT 

NAM 

N* 

NAp 

«>„ 

% 

P 

c 
R 

H 

Description 

Plant biomass dry weight (DW) 

Leaf biomass (DW) 

Root biomass in rich patch (DW) 

Root biomass in poor patch (DW) 

Nitrogen utilisation efficiency 

Average nitrogen concentration 

of the soil solution 

Nitrogen concentration of the soil solution in 

the nitrogen-rich patch 

Nitrogen concentration of the soil solution in 

the nitrogen-poor patch 

Soil solution absorption rate of the roots 

Relative biomass allocation to the leaves 

Relative biomass allocation to roots in rich 

patch 

Patch contrast 

Relative growth rate 

Ratio of plant biomass in heterogeneous over 

that in homogeneous environments 

Unit 

g 

g 

g 

g 

g g ' 

gl"1 

gl"1 

gl"1 

lg-'d"1 

unitless 

unitless 

unitless 

gg 'd - ' 

unitless 

Starting condition 

0.30 

0.18 

0.06 

0.06 

20-40 

0.01 

0.01-0.02 

0.00-0.01 

1 

0.6 

0.5-1 

1-00 

Analytical solution 

In the model, the relative growth rate of a plant (r) is a function of the nitrogen utilisation 

efficiency of a species (dMp/dNf) and of the nitrogen uptake rate of the plant (dN-r/dt). From 

combining equations 2, 6 and 7 it follows that r is given by: 

r = (\-£,)Q>nNAM— -
dNr 1 + c 

(8) 

The biomass produced by a plant (MT) at time t is a function of the relative growth rate of the 

species (r), the initial biomass of the plant (MT(0)), the length of the growth period and of the 
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initial distribution of plant dry weight over the three (i.e. ML, MRr and MRp) plant 

compartments (I), and can be expressed as (see Appendix): 

MT(t) = -((I + rMT(0))e
rt-I) (9) 

r 

I = M(0) + MRr(0) + MRP(0) (10) 

The relative importance of morphological plasticity and relative growth rate for the biomass 

production of plants in heterogeneous environments can be assessed by comparing plant 

biomass accumulation in heterogeneous environments with that in homogeneous 

environments. The ratio of total plant biomass in the heterogeneous environment over that in 

the homogeneous environment (H) is given by: 

MT(t)(HETEROCENEOUS) 

H= (11) 
MT(t)(HOMOGENEOUS) 

Using the definitions of patch contrast (c), average nitrogen concentration (NAM) and time (t) 

this equation yields: 

X{\ + c) ^dMr„ c ^ „ f(cp+l-p) IV 
2 V ' 2 (\-i,)d>nNAM\ > -- -1— / 

H« (cp + 1 _ p ) g ' ^ ' "" ; r T + T " " 2 / (12) 

The analytical derivation of the model is given in detail in the Appendix. Selective root 

placement varies between non-selective root placement (P=0.5; i.e., plants place equal amount 

of roots in both patches) and fully selective root placement ((3=1; i.e., plants place all roots in 

the nutrient-rich patch). Differences in relative growth rate are determined by differences in 

nitrogen utilisation efficiency. The effects of differences among plants in selective root 

placement and relative growth rate on the ratio of total plant biomass in the heterogeneous 

environment over that in the homogeneous environment can now be studied independently, 

both at a common point in time and at a common plant biomass. To assess the ratio at a 

common plant biomass, plants were compared when they reached a specific dry weight in the 

homogeneous environment. 
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Results 

Not surprisingly, the ability to selectively place roots in nutrient-rich patches in heterogeneous 

environments (i.e. (3>0.5) enhanced the biomass accumulation of plants. For a given patch 

contrast, plants accumulated relatively more biomass in the heterogeneous treatment 

compared to the homogeneous treatment with larger P (Fig. 1 A, IB). When comparisons were 

made at a common point in time (Fig. 1 A), the effects of P were larger for plants with a higher 

inherent growth rate (i.e. higher nitrogen utilisation efficiency). Note that without selective 

root placement (i.e. P=0.5) a higher inherent relative growth rate did not result in a higher 

biomass accumulation of plants in heterogeneous environments relative to homogeneous 

environments (Fig. 1 A). Strikingly, when comparisons were made at a common plant biomass 

instead of at a common point in time, the effects of selective root placement (P) did not differ 

among species with different inherent growth rates (Fig. IB). The ratio of biomass 

accumulation in heterogeneous compared to homogeneous environments increased equally for 

all species with larger P and in cases of larger patch contrast (Fig. IB). 

For a given degree of selective root placement (P), relative plant biomass 

accumulation (H) increased with larger patch contrast (Fig. 2A, 2B). Note that if patch 

contrast is 1, plants experience a homogeneous environment. When compared at a common 

point in time, the ratio of plant biomass accumulation in heterogeneous over that in 

homogeneous environments at a specific patch contrast was larger at higher nitrogen 

utilisation efficiency (i.e. a higher relative growth rate) (Fig. 2A). When comparisons were 

made at a common plant biomass instead of at a common point in time, nitrogen utilisation 

efficiency did not affect the ratio of plant biomass accumulation in heterogeneous over that in 

homogeneous environments at a specific patch contrast (Fig. 2B). 

For a given nitrogen utilisation efficiency (i.e. inherent relative growth rate), relative 

biomass accumulation (H) increased with larger p and patch contrast (Fig. 3). However, if 

plants were non-selective in their root placement (P=0.5), plant biomass accumulation in the 

heterogeneous environment was equal to the homogeneous environment (Fig. 3). 
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dMT/dNT 

Figure 1. Ratio between plant biomass produced in heterogeneous environments and a homogeneous 
environment (H) as a function of selective root placement ((3) and nitrogen utilisation efficiency 
(dMT/dNT) after a growth period of 28 days (A), and grown until the biomass of each plant in the 
homogeneous treatment is 30 g (B). Nitrogen utilisation efficiency is varied to create differences in 
plant relative growth rate. Furthermore if (3=0.5 plants place their roots non-selectively and if (3=1 
plants place all roots in the richer patch. In all simulations, patch contrast (c), i.e. the ratio of the 
nitrogen concentration in the nitrogen-rich patch over that in the nitrogen-poor patch, is the same (c = 
3). The average nitrogen concentration of the soil solution (NAM) = 0.01 g l'1. 

H 

d M ^ divydf^ 

Figure 2. Ratio between plant biomass produced in heterogeneous environments and a homogeneous 
environment (H) as a function of patch contrast (c) and nitrogen utilisation efficiency (dMT/dNT) after 
a growth period of 28 days (A), and grown until the biomass of each plant in the homogeneous 
treatment is 30 g (B). Nitrogen utilisation efficiency is varied to create differences in plant relative 
growth rate. Patch contrast (c) is the ratio of the nitrogen concentration in the nitrogen-rich patch over 
that in the nitrogen-poor patch. Furthermore if (3=0.5 plants place their roots non-selectively and if 
(3=1 plants place all roots in the nitrogen-rich patch. In all simulations selective root placement ((3) is 
the same (|3 = 0.8) and the average nitrogen concentration of the soil solution (NAM) = 0.01 g l'1. 
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0.70 
0.80 

P ° ' 9 0 7- , 
1.00 ' 

Figure 3. Ratio between plant biomass 
produced in heterogeneous environments and a 
homogeneous environment (H) as a function of 
patch contrast (c) and selective root placement 
(P). Patch contrast (c) is the ratio of the 
nitrogen concentration in the nitrogen-rich 
patch over that in the nitrogen-poor patch. 
Furthermore if (3=0.5, plants place their roots 
non-selectively and if (3=1 plants place all roots 
in the nitrogen-rich patch. In all simulations, 
nitrogen utilisation efficiency is the same 
(dMT/dNT = 30 g g"1) and average nitrogen 
concentration (NAM) = 0.01 g l"1. In these 
simulations, H is the same when analysed at a 
common point in time or when analysed at a 
common weight. 

Discussion 

The present model was developed to disentangle the effects of root foraging and relative 

growth rate on the biomass accumulation of plants in heterogeneous environments. Root 

foraging is defined in the model as the selective allocation of root biomass per unit of time to 

the nitrogen-rich patch. Growth rate differences among the model plants result from 

differences in nitrogen utilisation efficiency. In the model, the degree of selective root 

placement can vary independently of plant growth rate. 

Expected results were that the relative effects of selective root placement would be 

larger if roots were more selectively placed into the nitrogen-rich patch compared to the 

nitrogen-poor patch and if the patch contrast in the heterogeneous environment was higher. 

The model also demonstrated that selective root placement stimulates plant biomass 

accumulation in heterogeneous environments relative to homogeneous environments (Fig. 1) 

even though the average nitrogen concentration remains constant in all environments. This 

result is in accordance with empirical evidence (Birch and Hutchings, 1994; Fransen et ai, 

1998). 

A somewhat less straightforward model result is that without selective root placement 

(i.e. (3=0.5), plants, irrespective of their inherent growth rate, do not accumulate more biomass 

in the heterogeneous environments than in the homogeneous environment (Fig. 1A, IB). 

Without selective root placement, plants with a higher growth rate produce, in absolute terms, 
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more root biomass in the richer patch than plants with a lower growth rate, which should 

result in higher nitrogen acquisition and biomass accumulation by plants with higher growth 

rates. However, the higher acquisition is proportional to the higher growth rate of the plants. 

Consequently, high inherent growth rate per se does not confer an advantage in terms of 

biomass accumulation in heterogeneous compared to homogeneous environments. 

On the other hand if plants are able to selectively place roots into the richer patch, a 

positive interaction exists between the degree of selectivity and growth rate on biomass 

accumulation in the heterogeneous environment. When compared at a common point in time, 

the relative effect of selective root placement on plant biomass accumulation in heterogeneous 

environments is larger when plants have a higher inherent growth rate (Fig. 1A). Hence, in 

terms of whole plant biomass accumulation selective root placement is more beneficial for 

fast-growing species than for slow-growing species. However, this is only true when plant 

biomass is compared at a common point in time. When plants are compared at a common 

biomass (Fig. IB), selective root placement is equally beneficial for slow-growing species as 

for fast-growing species. 

If comparisons made at a common point in time generate different results than those 

made at a common biomass, then what evaluation is most appropriate for comparing the 

foraging abilities between species? 

Plants growing with different rates will be of different sizes when compared at a 

common point in time and may have different patterns of biomass partitioning over the 

various plant parts (Evans, 1972; Coleman et ai, 1994; Coleman and McConnaughay, 1995). 

However, if plants follow the same developmental trajectory, there may be no differences in 

biomass partitioning pattern when these plants are compared at equal sizes. Plasticity in traits 

representing any aspect of plant biomass should therefore be examined as a function of 

common biomass (Evans, 1972). Because foraging is accomplished by morphological 

plasticity, differences in foraging ability between species need to be examined at a common 

size instead of at a common time (see Hutchings and De Kroon, 1994). By doing so, our 

model suggests that relative growth rate does not enhance foraging ability on top of selective 

root placement. 

In most empirical studies, morphological plasticity is typically analysed at a common 

point in time (Coleman et ai, 1994; but see Rice and Bazzaz, 1989 for a notable exception). 

The length of the growth period is identical for each species even though the inherent growth 
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rate of the species is different. Our model results show that faster-growing species will 

produce relatively more roots in the richer patches, and obtain relatively more nutrients from 

these patches, than slower-growing species when comparisons are made at a common point in 

time, even when their plasticity (i.e. their degree of selectivity) is the same. Hence, while 

empirical evidence suggests that faster-growing species are also more plastic than slower-

growing species, this conclusion cannot be derived from the empirical studies carried out thus 

far because of the interaction between growth rate and plasticity. Future empirical studies that 

wish to assess the differences in plasticity between species need to evaluate plants at a 

common biomass. 

It should be realised that the ecological advantages of growth rate and foraging ability 

in nature may well be evaluated after a given period of time rather than at a common weight 

(Coleman et al, 1994). For example, when fast- and a slow-growing species compete for a 

finite, local nitrogen-rich patch, fast-growing species are able to generate a higher amount of 

root biomass in the nitrogen-rich patch after a given period of time than slow-growing species. 

Other things being equal, the species with the highest root biomass in the nitrogen-rich patch 

will capture most of the nitrogen from the patch (Nye and Tinker, 1977; Robinson et al, 

1999). The faster-growing species will acquire an even greater proportional share of the 

patchy resources when they are more plastic. Therefore, one may predict that high growth rate 

and high plasticity may have evolved concomitantly to enhance the capture of ephemeral 

patchy resources in a competitive environment. As explained above, the currently available 

comparative data cannot test this prediction because the effects of plasticity and growth rate 

on nutrient capture cannot be disentangled. In the model, we assume that plants grow 

exponentially, nitrogen concentration in the patches is constant, and plant parts do not 

senesce. We deliberately choose these conditions because, albeit unrealistic, under these 

assumptions, the largest possible effects of selective root placement and growth rate on plant 

biomass accumulation in heterogeneous environments as well as their maximum possible 

interactions are generated. However, these assumptions have important consequences for the 

model results. In reality, the effects of foraging and growth rate as well as their interactions 

will be less prominent than suggested by the model. For example, plants will only grow 

exponentially for a limited period of time and, hence, the ratio of plant biomass accumulation 

in heterogeneous over that in homogeneous habitats increases only linearly and not 

exponentially. Furthermore, increased nitrogen uptake in nitrogen-rich patches will normally 
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result in the depletion of the patch (Van Vuuren et al., 1996). Ultimately, plants will not be 

able to accumulate more biomass in the heterogeneous than in the homogeneous environments 

if N exhaustion occurs, irrespective of their root foraging ability and growth rate (Fransen et 

al, 1998; Hodge et al., 1998). Finally, senescence of plant parts will reduce differences in 

biomass accumulation in different environments between plants that differ in growth rate, 

because species with a high growth rate will lose more biomass than species with a low 

growth rate (Aerts and Berendse, 1989; Vazquez de Aldana et al, 1996). 

In summary, when analysed at a common plant weight, selective root placement 

enhances plant biomass accumulation in heterogeneous compared to homogeneous 

environments, but growth rate does not. What now is the essential difference between 

foraging and growth? As noted before (Hutchings and De Kroon, 1994), foraging results from 

morphological responses and is concerned with the placement of resource acquiring structures 

within the heterogeneous surroundings of the plant whereas growth refers to the production of 

new biomass. While some morphological responses are simply expressions of growth, our 

model indicates that foraging distinguishes itself from growth by the selective (localised) 

occurrence of the response - enhanced proliferation of resource acquiring structures (such as 

roots) is expressed locally in the resource-rich patch only. This selectivity is a trait by itself 

that is critical for the foraging ability of the plant and is independent of growth rate. 
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