
 

 

 

 

Faculteit Wetenschappen 

Departement Biologie 

 

 

Effects of three-dimensional soil heterogeneity on the structure and functioning 

of plant communities in experimental mesocosms 

 

Invloed van bodemheterogeniteit in drie dimensies op structuur en functie van 

plantengemeenschappen in experimentele mesocosmossen 

 

 

Proefschrift voorgelegd tot het behalen van de graad van doctor in de 

wetenschappen: biologie aan de Universiteit Antwerpen te verdedigen door 

 

Yongjie Liu 

 

 

 

Promotoren:  

Prof. dr. Ivan Nijs 

Dr. Hans De Boeck                                                                            Antwerpen, 2018                                                                                    



 

 

 



 

 

 

Human history is, in essence, a history of ideas. 

– H.G. Wells



 

 

 

 



CONTENTS 

1 

 

Contents 

FOREWORD ............................................................................................................. 3 

SUMMARY ............................................................................................................... 4 

SAMENVATTING .................................................................................................... 7 

LIST OF PUBLICATIONS ..................................................................................... 10 

CHAPTER 1 GENERAL INTRODUCTION .......................................................... 11 

1.1 The history of heterogeneity research and definitions.................................... 11 

1.2 Causes of soil heterogeneity at small and large scale ..................................... 14 

1.3 Methods of studying soil heterogeneity ......................................................... 16 

1.4 Consequences of soil heterogeneity ............................................................... 18 

1.5 Aims and outline of this thesis ....................................................................... 20 

CHAPTER 2 A SIMPLE METHOD TO VARY SOIL HETEROGENEITY IN 

THREE DIMENSIONS IN EXPERIMENTAL MESOCOSMS ............................. 29 

2.1 Introduction .................................................................................................... 30 

2.2 Experimentally simulating 3D heterogeneity ................................................. 30 

2.3 Demonstration of the technique ..................................................................... 33 

2.4 Results ............................................................................................................ 38 

2.5 Discussion ...................................................................................................... 42 

2.6 Conclusion ...................................................................................................... 44 

CHAPTER 3 ROOT DISTRIBUTION RESPONSES TO THREE-DIMENSIONAL 

SOIL HETEROGENEITY IN EXPERIMENTAL MESOCOSMS ........................ 51 

3.1 Introduction .................................................................................................... 52 

3.2 Materials and Methods ................................................................................... 54 

3.3 Results ............................................................................................................ 62 

3.4 Discussion ...................................................................................................... 66 

3.5 Conclusion ...................................................................................................... 70 

CHAPTER 4 UNIMODAL RELATIONSHIP BETWEEN THREE-

DIMENSIONAL SOIL HETEROGENEITY AND PLANT SPECIES DIVERSITY 

IN EXPERIMENTAL MESOCOSMS .................................................................... 79 

4.1 Introduction .................................................................................................... 80 

4.2 Materials and Methods ................................................................................... 82 



CONTENTS 

2 

 

4.3 Results ............................................................................................................ 87 

4.4 Discussion ...................................................................................................... 93 

4.5 Conclusion ...................................................................................................... 95 

CHAPTER 5 THREE-DIMENSIONAL SOIL HETEROGENEITY NEGATIVELY 

INFLUENCE THE RESPONSES OF PLANT COMMUNITIES TO 

EXPERIMENTALLY IMPOSED DROUGHT EVENT....................................... 105 

5.1 Introduction .................................................................................................. 106 

5.2 Materials and Methods ................................................................................. 107 

5.3 Results .......................................................................................................... 113 

5.4 Discussion .................................................................................................... 120 

5.5 Conclusion .................................................................................................... 122 

CHAPTER 6 SYNTHESIS AND DISCUSSION .................................................. 131 

6.1 General findings ........................................................................................... 131 

6.2 Limitations of the experiments ..................................................................... 135 

6.3 Applications ................................................................................................. 137 

6.4 Future research ............................................................................................. 139 

 



FOREWORD 

3 

 

FOREWORD 

I would like to say that this thesis would not be done without the support and help 

from many sides. 

I am grateful to express my thanks to my promotor, Ivan Nijs. I learnt quite a lot 

from you. I had a special experience in preparing my first paper during my PhD, 

which took us more than one year to make it be accepted. During the process, I was 

almost out of energy. It was you who encouraged me, guided me to the right 

direction. You helped me to correct my manuscripts word by word, sentence by 

sentence. Sometimes it took even more than two hours to revise one paragraph in a 

manuscript. From all of these I learn that to be a scientist one should be careful and 

professional in designing and conducting an experiment, preparing and writing a 

manuscript. I cannot imagine how I could be here without your help. I am sure you 

raise me up in the academic career. No words could be used to express my thanks to 

you, Ivan. You are my whole life promoter and friend. Then, I would like to hug 

you Hans De Boeck, my co-promoter. Your advices on conducting experiments and 

writing manuscripts are valuable. You always have great ideas and suggestions 

when I need your help, many thanks to you. 

I sincerely acknowledge my financial support from the China Scholarship Council 

(CSC), and the support from our group, Plants and Ecosystems (PLECO).  

Many thanks to my colleagues, specially Eddy De Smet, Evelyne Elst, Ivan 

Janssens, Jan Quets, Joanna Horemans, Johan De Gruyter, Jonas Lembrechts, Laura 

Borecks, Marc Wellens, Michiel Bortier, Nadine Calluy, Nele Devloo, Reinhart 

Ceulemans and Sigi Berwaers; and my friends Chao Fang, Chao Men, Chunping 

Mei, Dongdong Chen, Hui Lu, Hui Shi, Jiachen Sun, Jinbao Liao, Lai Peng, Li 

Zhang, Liang Ma, Qiang Liu, Quanzhi Zhang, Yixing Sui, Yongshuo Fu, Yun Ling, 

Zhenqing Li and Zhixia Ying; without the supports from all of you I cannot go so 

far. 

My most sincere thanks to my family members, my parents, brother, sister, brother 

in-law, sister in-law, nephews and niece, who supported me in the course of this 

thesis. 



SUMMARY 

4 

 

SUMMARY 

Soil resources such as water and nutrients are generally distributed heterogeneously, 

i.e. in a patchy manner. Exploring soil heterogeneity under natural conditions is 

complicated since many co-occurring factors make it difficult to precisely link 

cause and effect. Controlled experiments where other factors except soil 

heterogeneity are kept constant can facilitate this research. However, such 

experiments have been conducted in two dimensions (i.e. either horizontally or 

vertically) up to now, either by injecting nutrients or adding fertilizer in a clumped 

pattern, or by spatially redistributing different soil layers or soils from different 

locations. With the former method, it is difficult to achieve a stable patch size, while 

the latter method includes complex plant-soil feedbacks which may obfuscate the 

plants’ responses to heterogeneity. Moreover, natural soils are usually 

heterogeneous in three dimensions (i.e. both horizontally and vertically), yet, to our 

knowledge, no standard method exists to create soil heterogeneity in 3D. The aim of 

this thesis was to develop a novel technique to create soil heterogeneity in three 

dimensions, and then to apply it to investigate the effects of heterogeneity on root 

distribution and plant diversity and to explore the response of plant communities 

when drought and soil heterogeneity co-occur. Species such as legumes that can 

significantly modify soil heterogeneity were excluded from our experiments to 

facilitate interpretation. 

To create 3D-heterogeneity, we designed a technique with which containers of 

flexible size could be filled layer by layer using plastic slits in different 

arrangements. This makes it possible to modify the two main components of soil 

heterogeneity, i.e. qualitative and configurational heterogeneity. The former can be 

altered by varying the substrate types, which can differ in nutrient content, soil 

water holding capacity, etc., while the latter can be adjusted by changing the 

dimensions of the cells that make up the ‘soil’. 

We subsequently explored the effects of soil heterogeneity on the root distribution 

of plant communities by conducting an experiment where configurational 

heterogeneity was modified using a nutrient-rich and a nutrient-poor substrate. This 

resulted in soils looking like 3D chessboards, with the cell sizes (inversely related to 

heterogeneity) varying along a gradient (0, 12, 24 and 48 cm). Twenty-four species 

occurring in grasslands in Belgium were sown onto these ‘mesocosms’. Roots were 

harvested at the end of the experiment, where they were separated by substrate type 

in each horizontal layer. Mesocosms with relatively higher heterogeneity had more 

shoot biomass while root biomass was constant across the heterogeneity gradient. 

This is consistent with our expectation that greater proximity to nutrient-rich 



SUMMARY 

5 

 

patches allows plants on nutrient-poor patches to invest relatively less in roots. 

More heterogeneous soils also yielded spatially more heterogeneous root systems, 

i.e. with root biomass that diverged more between nutrient-poor and nutrient-rich 

cells. This suggests that plants growing on nutrient-poor patches can more easily 

grow into adjacent nutrient-rich cells at higher soil heterogeneity. 

Thirdly, we investigated the effects of soil heterogeneity on plant diversity, i.e. soil 

heterogeneity-diversity (SHD) relationships, in the abovementioned experiment. At 

the end of the experiment species richness and plant abundance were recorded in all 

the mesocosms and were used to calculate different diversity indices. A unimodal 

SHD relationship was found, with a peak at cell size 12 cm, which originated 

mainly from the increased diversity on nutrient-rich substrate. This is the first time 

such a relationship was found in experimental heterogeneity studies for plant 

communities. Possibly, this unimodal pattern is caused by lack of sufficient 

resources to support high diversity on very small nutrient-rich patches, and strong 

competitive exclusion within large nutrient-rich patches. This pattern carries a 

similarity with other unimodal responses of plant species diversity, notably in 

diversity-disturbance and diversity-productivity relationships. Strikingly, plant 

density increased monotonically with increasing soil heterogeneity, indicating that, 

at least up to 12 cm-sized-cells, not only more species but also more individuals 

were able to coexist in mesocosms with smaller cell size. 

Finally, ongoing climate change significantly influences both soil heterogeneity and 

the growing plant ecosystem. Drought events in temperate regions are expected to 

increase in intensity and/or duration. To explore the responses of plant communities 

to the joint effects of soil heterogeneity and drought, a new experiment similar to 

the one described above was set up. Drought lasted three weeks in summer 2016. At 

mesocosm scale, soil water content (SWC) decreased more slowly at large (48 cm) 

than at smaller (0-12-24 cm) cell size, which coincided with a slower loss of canopy 

greenness. These responses mainly originated from nutrient-poor substrate, whereas 

the rate of decline of SWC and canopy greenness on nutrient-rich substrate was 

indifferent to cell size. The slower decrease of SWC and canopy greenness on large 

nutrient-poor patches coincides with smaller shoot and root biomass compared with 

smaller nutrient-poor patches. This can, in turn, be explained by more difficult 

access to resources on large nutrient-poor patches. After the drought, plants 

recovered faster on nutrient-rich than on nutrient-poor substrate, likely owing to the 

greater availability of resources. Overall, our results indicate that soil heterogeneity 

can negatively modulate the responses of plant communities to drought events, 

implying that heterogeneity should be considered when assessing climate change 

impacts in terrestrial ecosystems. 
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The results presented in this thesis improve our understanding of the effects of soil 

heterogeneity on plant communities. Higher heterogeneity allows plants on nutrient-

poor patches to more easily retrieve resources from neighbouring nutrient-rich 

substrates, which may in turn improve species co-existence. However, such a trend 

might not hold for the very small cell sizes since plant diversity declined again at 

highest heterogeneity level. Moreover, plants growing on soils with the highest 

heterogeneity responded differently to drought. Thus, especially the responses at 

very high heterogeneity and the joint effects of heterogeneity and climate change 

merit further research. It would be interesting to also consider species aggregation 

(clumping), as this can further modify responses because clumping reduces 

interspecific competitive exclusion processes, potentially resulting in improved 

survival of competitively weak species. 
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SAMENVATTING 

Grondstoffen zoals water en nutriënten zijn in het algemeen heterogeen verspreid in 

de bodem. Het bestuderen van bodemheterogeniteit onder natuurlijke condities is 

complex omdat vele factoren die tegelijkertijd variëren het moeilijk maken om 

oorzaak en gevolg precies te linken. Gecontroleerde experimenten waarbij factoren 

behalve bodemheterogeniteit constant gehouden worden kunnen dit soort onderzoek 

faciliteren. Zulke experimenten zijn tot hier toe echter uitgevoerd in twee dimensies 

(i.e. horizontaal of verticaal), ofwel door het injecteren van nutriënten/toedienen van 

meststoffen in een geaggregeerd patroon, ofwel door het herverdelen van 

verschillende bodemlagen of bodems van verschillende locaties. Met de eerste 

manier is het moeilijk een stabiele patchgrootte te krijgen, terwijl de tweede 

methode complexe plant-bodem feedbacks omvat die de detectie van 

plantresponsen op heterogeniteit kunnen bemoeilijken. Bovendien zijn natuurlijke 

bodems gewoonlijk heterogeen in drie dimensies (i.e. zowel horizontaal als 

verticaal), maar, voor zover we weten, bestaat er geen standaardmethode om 

bodemheterogeniteit in 3D te creëren. Het doel van deze thesis was een nieuwe 

techniek te ontwikkelen om bodems op te bouwen die heterogeen zijn in drie 

dimensies, en die techniek vervolgens toe te passen voor het bestuderen van 

heterogeniteitseffecten op worteldistributie en plantendiversiteit, en de respons van 

plantengemeenschappen te onderzoeken wanneer droogte en bodemheterogeniteit 

samen voorkomen. Soorten zoals leguminosen die bodemheterogeniteit significant 

kunnen beïnvloeden worden niet gebruikt om de interpretatie van de resultaten te 

vergemakkelijken.     

Om 3D-heterogeniteit te creëren, ontwikkelden we een techniek waarbij bakken van 

flexibele grootte laag per laag kunnen worden gevuld door plastic latjes in 

verschillende combinaties te gebruiken. Dit maakt het mogelijk de twee 

hoofdcomponenten van bodemheterogeniteit, namelijk kwalitatieve en 

configurationele heterogeniteit, te modifiëren. De eerste component kan veranderd 

worden door verschillende types substraat, die o.a. kunnen verschillen in 

nutriëntengehalte, te gebruiken, terwijl de tweede component gewijzigd kan worden 

door de dimensies van de cellen die samen de ‘bodem’ vormen, te variëren. 

Hierna hebben we de effecten van bodemheterogeniteit op de worteldistributie van 

plantengemeenschappen onderzocht met een experiment waarbij de 

configurationele heterogeniteit gemodifieerd werd door gebruik te maken van 

nutriëntenarm en –rijk substraat. Dit leidde tot bodems die eruit zagen als 3D-

schaakborden, waarbij de grootte van de cellen (invers gecorreleerd met 

heterogeniteit) varieerde langsheen een gradiënt (0, 12, 24 en 48 cm). Vierentwintig 
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soorten die voorkomen in graslanden in België werden in deze ‘mesocosmossen’ 

gezaaid. Wortels werden aan het eind van het experiment geoogst, afzonderlijk per 

substraattype in elke horizontale bodemlaag. Mesocosmossen met relatief hogere 

heterogeniteit bleken meer bovengrondse biomassa te hebben, terwijl de 

wortelbiomassa constant was langsheen de gradiënt van heterogeniteit. Dit bevestigt 

onze verwachting dat de nabijheid van nutriëntenrijke patches ervoor zorgt dat 

planten op nutriëntenarme patches relatief minder in wortels moeten investeren. Een 

meer heterogene bodem resulteerde ook in wortelsystemen die spatiaal meer 

heterogeen waren, namelijk met wortelbiomassa die meer verschilde tussen 

nutriëntenrijke en –arme cellen. Dit suggereert dat planten die op nutriëntenarme 

patches groeien, zich gemakkelijker verspreiden naar nabije nutriëntenrijke cellen 

bij hogere heterogeniteit. 

We onderzochten in het bovenvermelde experiment ook de effecten van 

bodemheterogeniteit op plantendiversiteit, i.e. de ‘soil heterogeneity-diversity’ 

(SHD) relatie. Op het einde van het experiment noteerden we soortenrijkdom en 

plantenabundantie in alle mesocosmossen, en berekenden zo verschillende 

diversiteitsindices. We vonden een unimodale SHD-relatie, met een piek bij 

celgrootte 12 cm, welke veroorzaakt werd door verhoogde diversiteit op 

nutriëntenrijk substraat. Dit is de eerste keer dat zo’n relatie is gevonden in 

experimentele heterogeniteitsstudies. Mogelijk werd dit unimodale patroon 

veroorzaakt door een gebrek aan voldoende grondstoffen om hoge diversiteit op 

heel kleine nutriëntenrijke patches mogelijk te maken, tesamen met sterke 

competitieve exclusie op grote nutriëntenrijke patches. Dit patroon vertoont 

gelijkenissen met andere unimodale responsen m.b.t. plantendiversiteit, bvb. in 

diversiteit-verstorings- en diversiteit-productiviteitsrelaties. Opvallend genoeg 

verhoogde de plantendensiteit bij toenemende bodemheterogeniteit, wat er op wijst 

dat, tenminste tot celgrootte 12 cm, zowel meer soorten als meer individuen in staat 

waren samen te leven wanneer heterogeniteit toenam. 

Tenslotte beïnvloedt de huidige klimaatverandering zowel bodemheterogeniteit als 

de planten die op deze bodems groeien. Droogtes zullen naar verwachting meer 

frequent en/of langer worden in de gematigde streken. Om de responsen van 

plantengemeenschappen op de gezamelijke invloed van heterogeniteit en droogte te 

onderzoeken, werd een experiment gelijkend op het eerder beschreven, opgestart. 

Droogte duurde 3 weken in de zomer van 2016. Op mesocosmos-schaal daalde het 

bodemwatergehalte (SWC) trager bij de laagste (48 cm) dan bij de hogere (0-12-24 

cm) heterogeniteit, hetgeen overeenkwam met een trager verlies van 

vegetatiegroenheid. Deze responsen kwamen vooral voort uit het nutriëntenarme 

substraat, terwijl de verminderde SWC en groenheid op nutriëntenrijk substraat 
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vergelijkbaar was op elk heterogeniteitsniveau. De tragere terugval van SWC en 

groenheid op grote nutriëntenarme patches valt samen met verminderde boven- en 

ondergrondse biomassa in vergelijking met kleinere nutriëntenarme patches. Dit kan 

verklaard worden door moeilijkere toegang tot grondstoffen voor wortels op grote 

nutriëntenarme patches. Na de droogte herstelden planten sneller op nutriëntenrijk 

dan –arm substraat, waarschijnlijk door de grotere toegankelijkheid tot grondstoffen. 

Algemeen gezien wijzen onze resultaten erop dat bodemheterogeniteit de responsen 

van plantengemeenschappen op droogte negatief kan beïnvloeden, en dus zou 

heterogeniteit in beschouwing moeten worden genomen wanneer de impacts van 

klimaatverandering in terrestrische systemen worden nagegaan. 

De resultaten die voortkomen uit deze thesis verhogen ons inzicht in de effecten van 

bodemheterogeniteit op plantengemeenschappen. Hogere heterogeniteit laat planten 

op nutriëntenarme patches toe om gemakkelijker grondstoffen te halen uit naburige 

nutriëntenrijkere substraten, wat op zijn beurt soorten-coëxistentie kan verbeteren. 

Zo’n trend lijkt niet meer op te gaan bij de erg kleine celgrootes, want 

plantendiversiteit verminderde opnieuw bij het hoogste niveau van heterogeniteit. 

Bovendien reageerden planten anders op droogte bij maximale heterogeniteit. 

Vooral responsen bij hoge heterogeniteit en gezamelijke effecten van heterogeniteit 

en klimaatverandering verdienen verdere studie. Daarbij is het ook interessant om 

soortenaggregatie (‘clumping’) in beschouwing te nemen omdat dit responsen 

verder kan beïnvloeden, o.a. doordat clumping interspecifieke competitieve 

exclusieprocessen vermindert, hetgeen kan leiden tot een verhoogde overleving van 

competitief zwakke soorten. 
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CHAPTER 1 GENERAL INTRODUCTION 

This thesis focuses on exploring the effects of three-dimensional soil heterogeneity 

on the structure and functioning of plant communities. It begins with a general 

introduction in Chapter 1. In this chapter, section 1.1 briefly describes the history of 

heterogeneity research and definitions. Section 1.2 summarises the causes of soil 

heterogeneity at different scales (large vs. small). Methods of studying soil 

heterogeneity are explicated in section 1.3. The consequences of soil heterogeneity 

are briefly explained in section 1.4. Section 1.5 illuminates the aims and outline of 

this thesis. 

1.1 The history of heterogeneity research and definitions 

Heterogeneity refers to dissimilarity and unlikeness (Wiens 2000). Researchers 

often confuse heterogeneity and variation. The former refers to more than one 

variable, while the latter reflects only a single variable (Malanson and Cramer 1999; 

Fahrig et al. 2011; Stein et al. 2014). However, variation is probably the crucial 

factor in understanding the structure of heterogeneity (Ettema and Wardle 2002). 

Each study has a unique definition of heterogeneity (Box 1-1), but authors do not 

always explicitly mention it (Li and Reynolds 1995). Hanberry (2015) suggested 

that researchers should precisely indicate the critical environmental factors (e.g. soil, 

light) which they chose to define heterogeneity. 

Heterogeneity is not a novel concept in ecology. It can be traced to the 20
th
 century, 

where researchers found that, using experimental studies, environmental 

heterogeneity could affect the dynamics of populations and communities (Balme 

1953; Huffaker 1958). In the 1950s, modellers tended to exclude heterogeneity to 

avoid the complexity of nature (Pickett et al. 2000). The natural environment was 

simply treated as a stable, constant and homogeneous condition, with homogeneity 

referring to the sameness or similarity at different locations. Modellers posed 

questions and tested hypotheses based on such assumption (MacArthur and Levins 

1964), which stressed simplicity at the expense of reality. Yet, heterogeneity is 

pervasive in the natural environment. Ecologists cannot ignore it just because it 

complicates the task of untangling the various environmental influences. Later, as 

evidence from experiments accumulated, modellers realized that heterogeneity 

should be taken into account (MacArthur 1972; Barber 1981; Silberbush 1983). By 

the mid-1960s and early 1970s, theoreticians effectively started to incorporate it in 

their approaches (Levin and Paine 1974; Levin 1976). Since then, heterogeneity has 

become an acceptable topic for ecological investigation (Wiens 1977). 
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Soil, one main type of environmental resources, is inherently patchy, and this 

patchiness is virtually ubiquitous under natural conditions (known as soil 

heterogeneity). Soil heterogeneity is crucial in ecology since it is likely to be the 

ultimate driver of biodiversity, and it closely connects to the resistance and 

resilience of ecosystems to natural disturbances. Soil heterogeneity has a qualitative 

and a configurational component, where the former refers to the different quality of 

the soil patches (the larger the contrast between them, the higher the soil 

heterogeneity), while the latter refers to the distribution pattern of these patches (the 

smaller the patch size, the higher the soil heterogeneity). 

Soil heterogeneity not only varies in space, but also in time. Whereas spatial 

heterogeneity refers to the distribution of soil patches, temporal heterogeneity refers 

to the variation of resources and environmental conditions through time (Menge and 

Sutherland 1976). Plants may not be able to adjust as easily to temporal 

heterogeneity as to spatial heterogeneity, once the root system is developed. In 

general, organisms may respond differently to temporal and spatial heterogeneity, 

hence ecologists tend to investigate them separately. However, most studies focus 

on spatial heterogeneity, and temporal heterogeneity is far from clear in ecology. 
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Box 1-1 Definitions of heterogeneity 

Different definitions of heterogeneity have been proposed, but so far there has 

been no consistent one. These definitions are summarised as follows by 

publication year. 

Webster’s Seventh New Collegiate Dictionary (1965) defined heterogeneous as 

“consisting of dissimilar constituents” or “having widely unlike elements”. Art 

(1993) defined heterogeneity as “made up of a number of elements different 

from each other”. Li and Reynolds (1995) defined heterogeneity as “the system 

property of interest and its complexity or variability. A system property can be 

anything that is of ecological interest, e.g. plant biomass, soil nutrients, 

temperature, and so on. Complexity refers to qualitative or categorical 

descriptors of this property, while variability refers to quantitative or numerical 

descriptors of the property. Heterogeneity is thus defined as the complexity, 

and/or variability of a system property in space and/or time”. Lincoln et al. 

(1998) mentioned it as “having a non-uniform structure or composition”. Milne 

(1991) declared that spatial heterogeneity is “the complexity that results from 

interactions between the spatial distribution of environmental constraints and 

differential responses of organisms to the constraints”. Rees et al. (2000) 

affirmed that heterogeneity reflects a non-uniform distribution of resources or 

other environmental conditions (i.e. biotic and abiotic factors). Ettema and 

Wardle (2002) defined heterogeneity or patchiness as “variability with a spatial 

structure, such that spatial distributions are not uniform or random, but 

aggregated (patchy, clumped)”. Stein et al. (2014) mentioned that “soil 

environmental heterogeneity incorporates e.g. heterogeneity in nutrients, acidity 

or diversity of soil types”. 

I propose that soil heterogeneity is defined as the un-uniform distribution of soil 

properties. Yet, organisms experience the ‘same’ soil heterogeneity differently. 

Thus, in my view, soil heterogeneity should be defined independent of 

organisms. Soil heterogeneity in most experiments refers to the physically 

created soil heterogeneity (PSH), which can be modified by other factors. For 

example, the movement of water or nutrients may homogenize such 

heterogeneity, while soil organisms such as fungi may accelerate or decelerate 

such homogenization. Therefore, the actual soil heterogeneity (ASH) is more 

complex than PSH, and often difficult to establish. To simplify, soil 

heterogeneity in this thesis refers to the PSH. 
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There has been no consistent definition of soil heterogeneity so far, and studies have 

adopted different terminology to indicate it (Fig. 1-1). This can be ascribed to: (1) 

different views of soil heterogeneity, among which there are two classical ones. One 

is the absolute scale of soil heterogeneity itself, in other words, the large or small 

dimension of soil patches (Kolasa and Rollo 1991). The second is the scale that is 

detected by the whole organism (e.g. plants) or part of the organism (e.g. local fine 

roots) (Milne 1991). In the former view, the patch size at a given soil heterogeneity 

level is stable for different groups of organisms since the physical size of the patch 

does not change; while in the latter view the patch size experienced at a given soil 

heterogeneity level can be different for different groups of organisms, since 

organisms differ in their body size (Allen and Starr 1982). The lower and larger 

scales of soil heterogeneity that can be detected by an organism are named ‘grain’ 

and ‘extent’, respectively (Ozinga et al. 1997). (2) Lack of a standard method to 

create soil heterogeneity experimentally (e.g. injecting or adding fertilizer into 

background soil, redistributing the natural soil from different layers from one 

location or from different locations, etc.). It is vital to have a clear definition to 

avoid that different terminology is used in different studies to label the same 

concept (i.e. heterogeneity). It is also crucial to have a standard method to create 

soil heterogeneity, as this may help researchers to define heterogeneity more 

precisely in the ecological context (Sparrow 1999), and enable researchers to 

compare different studies and generalise the results. 

 

Figure 1-1 Different terminology adopted to indicate soil heterogeneity in different studies 

(reviewed in Stein and Kreft 2015). This figure is generated with online software WordItOut. 

1.2 Causes of soil heterogeneity at small and large scale 

Soil heterogeneity is caused by an uneven distribution of abiotic (e.g. topography, 

climate) and biotic factors (e.g. organisms, organic litter) (Fig. 1-2). Such factors 

alter soil heterogeneity at different scales, i.e. small or large scale. 
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Large-scale heterogeneity can be generated by abiotic factors such as topography 

(Jenny 1941; Wilson 2000; Turner 2005). Land management in agriculture can also 

create large-scale heterogeneity as it affects the distribution pattern of both 

vegetation and soil (Zhou et al. 2008). Moreover, ongoing climate change, for 

instance drought, can induce large-scale heterogeneity since it may influence soil 

resources (e.g. soil water) differently in different regions (Walther et al. 2002). 

Large-scale heterogeneity can be altered by the biotic assemblage, and human 

activities (Amundson and Jenny 1997). In agriculture, for example, frequent 

ploughing and broadcasting fertilizer may homogenize the arable soils (Robinson 

1994). Many animals can develop or maintain heterogeneous conditions at large 

scale through activities such as grazing, trampling or burrowing (Seabloom and 

Richards 2003). 

 

Figure 1-2 Causes (abiotic and biotic factors) of soil heterogeneity at different scales, 

where large scale refers to the landscape scale and small scale to the scale of local 

communities 

Small-scale heterogeneity can be generated by abiotic factors such as microclimate 

and microtopography (Pickett et al. 2000). For example, the irregularly varying 

bedrock structure below many nutrient-poor grasslands can induce variation of soil 

depth at fine scale, leading to small-scale heterogeneity (Balme 1953; Fridley et al. 

2011). Moreover, natural disturbance (e.g. patchy fire, heavy rainfall) can locally 

alter the physical soil characteristics and/or alter the impact of living organisms on 

soil processes, thus also creating small-scale soil heterogeneity (Hutchings et al. 

2000; Fuhlendorf et al. 2006). Biotic factors such as litter fall, root and animal death 

in a heterogeneous pattern, cause local differences in soil chemical and physical 

quality. During decomposition, the release rate of different elements, such as C and 

N, depends on the composition of the organic matter, the microclimate (e.g. 

moisture, temperature) and the biochemical capabilities of the active microbes, and 

these factors also interact. Plants can also cause small-scale heterogeneity in other 

ways, for instance, by producing exudates or intercepting light and rainfall (Hobbie 

1992). Vertebrate grazers can create heterogeneity at small scale by inducing 

patchiness in vegetation structure. 
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Small-scale soil heterogeneity may nest within large-scale soil heterogeneity. For 

example, soil biota can distribute spatially structured over distances of tens to 

hundreds of meters resulting in large-scale patterns. Nested within these large-scale 

patterns, soil organisms also show patchy distribution patterns at small scale, 

varying from centimetres to meters, even where topography and soil texture are 

visually uniform, which they are often not (Ettema and Wardle 2002). Organisms 

with different abilities of dispersal and dormancy experience soil patch scales 

differently (Chave 2013). Moreover, a patchy soil distribution pattern can be 

heterogeneous at one scale but not at another scale (Kolasa and Rollo 1991) since 

only when the scale is similar or smaller than the plant size can the plant individual 

detect the patch size (Sparrow 1999; Hutchings et al. 2003). For instance, large trees 

can redistribute soil water in shallow layers through hydraulic lift, extracting water 

from deep layers. As a result they create a heterogeneous water distribution pattern 

at a large scale, a pattern which smaller plants (e.g. grasses) that grow within a 

patch (either a wet or a dry patch) cannot detect. 

1.3 Methods of studying soil heterogeneity 

Three classical methods, i.e. field observation, simulation modelling and 

manipulative experiments, are applied in exploring the effects of soil heterogeneity 

(Fig. 1-3). 

  

Figure 1-3 Methods of studying soil heterogeneity, where the ellipses indicate the study 

method, i.e. observation, modelling and experiment; the green square refers to the scale that 

can be explored by both experiment and modelling (as an example, negative (-) or neutral (0) 

effects were found for soil heterogeneity – plant diversity relationships); the red square 

refers to the scale that can be investigated by both observation and modelling (positive (+) 

and unimodal effects were found for soil heterogeneity – plant diversity relationships) 
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(a) Field observation: Soil heterogeneity has been observed in different ecosystems, 

for example in forest (John et al. 1983), grassland (Hook et al. 1991), desert (Titus 

et al. 2002), and mountains (Dufour et al. 2006). In Brazilian Amazonia, John et al. 

(1983) observed the differences of organic matter inputs and decomposition activity 

in two different soil types. In the North American grassland, Hook et al. (1991) 

explored the differences of plant and soil N and C in different locations (under grass 

vs. open area) from 0 to 5 cm depth. In the Mojave Desert, Titus et al. (2002) 

investigated the differences among soil samples (characteristics such as nutrients, 

pH, and organic matter) from eight microsites, five different shrub types, a grass 

microsite and two microsites without perennial vegetation. In the Swiss Jura 

Mountains, Dufour et al. (2006) selected five plots to explore differences in factors 

linked to topography (e.g. water content, organic matter and nutrient concentration), 

which impact the spatial distribution of biotic (e.g. cattle grazing) and abiotic (e.g. 

wind, erosion) disturbances. These observations give an idea of the pattern and 

scale of natural heterogeneity but they were mostly done only in the short-term, and 

the lack of long-term field observations in a broad range of ecosystems precludes 

assessment of temporal heterogeneity. 

(b) Simulation modelling: Modelling work on soil heterogeneity has focused on two 

directions. One is simulating soil heterogeneity itself, while the other is exploring 

the responses of plant to soil heterogeneity. In the former case, for example, the 

flow and transport of soil resources such as water was simulated in two dimensions 

by Vogel et al. (2000). Leroux and Pomeroy (2016) likewise simulated the mass and 

energy fluxes in heterogeneous soils with a two-dimensional model, but they 

additionally modelled also the corresponding plant responses such as root 

performance. Fransen et al. (1999) disentangled the effects of root foraging and 

inherent growth rate on plant biomass accumulation with a modelling study. In this 

model, selected root placement, which refers to the allocated root biomass per unit 

time to the nitrogen-rich patch, was independent of plant growth rate. In order to 

investigate whether a plant individual as a whole has the ability to modify resource 

allocation to favour of the growing branches (e.g. roots or shoots) under 

heterogeneous conditions, Yang and Midmore (2005) built a dynamic model to 

simulate the growth rate of the shoot or root of a plant individual as a whole. 

Postma et al. (2014) conducted simulation modelling to examine whether plants 

growing in resource-poor soils can forage efficiently for nutrients by adapting to the 

heterogeneity of soil resources. These simulation models focus on two dimensions, 

and to our knowledge, no models have been constructed to simulate soil 

heterogeneity in three dimensions. The latter would facilitate researchers to simulate 

plant performance under more realistic conditions. 
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(c) Manipulative experiments: Most previous controlled experiments at small scale 

created soil heterogeneity also only in two dimensions, i.e. either horizontally or 

vertically (Robinson 1994). Authors in these studies added or injected inorganic 

nutrients or fertilizer in a clumped pattern. Other studies applied natural soil in 

controlled experiments, which may blur plant responses to soil heterogeneity since 

the legacy effects of plant-soil feedback can hamper the precise linking of cause and 

effect (Del Pino et al. 2015). Moreover, studies have often included species that can 

significantly modify soil heterogeneity, such as N-fixing species that can locally fix 

nitrogen, or clonal species that can integrate resources via clonal integration. Lack 

of a standard method to create soil heterogeneity and different species composition 

in different studies can partly explain inconsistent findings in soil heterogeneity 

research (Baer et al. 2005; Reynolds et al. 2007). For example, confusing 

heterogeneity – species diversity relationships (i.e. positive, negative and even 

neutral) were found (Tamme et al. 2010). Novel approaches are needed that can 

experimentally simulate soil heterogeneity more realistically. 

1.4 Consequences of soil heterogeneity 

Soil heterogeneity has different effects on plant species since species differ in 

phenotypic plasticity, which can make the effects of soil heterogeneity on plant 

individuals disappear at population or community scale, or vice versa. Numerous 

studies have been conducted to explore the responses of plant individuals, 

populations and communities to soil heterogeneity since the 1950s (Balme 1953; 

Huffaker 1958; Wiens 1976; Caldwell and Pearcy 1994; Hutchings et al. 2000; 

Hutchings et al. 2003). Here mainly results on soil heterogeneity in nutrients were 

summarised: 

(a) Individual scale: Soil resources (e.g. water, nutrients) often vary at a scale small 

enough to impact plant individuals (Jackson and Caldwell 1993a,b). Plants are 

sessile organisms and thus less able to forage like animals, so they apply species-

specific strategies in effective habitat selection. One is foraging of roots into 

resource-rich patches (Robinson 1994), which works for most plant species. Clonal 

species can redistribute resources via clonal integration, i.e. by growing ramets in 

resource-rich patches to capture resources and transferring them to other ramets, 

some of which are allowed to grow in resource-poor patches. Apart from altering 

root foraging, soil heterogeneity (e.g. the contrast between two patches, Kotliar and 

Wiens 1990; patch distribution patterns, Hutchings et al. 2000) can also modify 

biomass allocation of plant individuals (Birch and Hutchings 1994; Einsmann et al. 

1999; Wijesinghe and Hutchings 1999). Notably, soil heterogeneity enhanced 

root/shoot ratio in several species compared with growing them in homogeneous 
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substrates with the same N supply (Birch and Hutchings 1994; Cahill and Casper 

1999; Hutchings et al. 2003). Generally, soil heterogeneity also enhances plant 

individual biomass because roots are plastic in morphology or physiology, and the 

benefit of exploiting resource-rich patches outweighs the loss of energy in foraging 

to ‘find’ those resource-rich patches (Drew and Saker 1975; Einsmann et al. 1999). 

Conversely, Wijesinghe and Hutchings (1997) found greater plant biomass at large-

scale patches than small-scale patches in a clonal species.  

(b) Population scale: Compared with the individual scale, predicting the effects of 

soil heterogeneity on plant populations and communities is complex because of 

interspecies and intraspecies interaction, on top of plant-soil feedback. At 

population scale, contrasting effects of soil heterogeneity are observed. Some 

studies found that soil heterogeneity had only a subtle effect on overall population 

structure (Casper and Cahill 1996, 1998). These authors speculated that there might 

be a random ‘sorting’ mechanism, where soil heterogeneity allows some individuals 

to grow larger than others which grow smaller, cancelling out the effects at the 

population level. However, other studies found that soil heterogeneity substantially 

promoted plant population biomass, especially in nutrient-rich patches, as well as 

the overall variation in plant size (Day et al. 2003 a,b). Differences between studies 

might originate from the patch size range used, which was smaller than the size of 

the root system in Casper and Cahill (1996, 1998), resulting in every plant in the 

population experiencing the same resource availability, while it was opposite in Day 

et al. (2003a,b). Clearly, the threshold where root systems and patches have equal 

size, and the mechanisms on both sides of this threshold, merit further study. 

(c) Community scale: Hodge (2004) found that small-scale soil heterogeneity did 

not largely alter the nutrient uptake of plant communities. One explanation could be 

that, at this scale, roots are sufficiently plastic in their response to track the 

heterogeneity and maintain performance (Hodge et al. 2000). However, other 

studies found that soil heterogeneity strongly affected communities, increasing root 

biomass and root/shoot ratio (Campbell et al. 1991; Masetre et al. 2005; Wijesinghe 

et al. 2005). The latter may intensify belowground competition (Fransen et al. 2001; 

Hutchings et al. 2003; Schenk 2006) and species diversity might be modified 

accordingly since dominant species with better foraging ability may outcompete the 

others (Baer et al. 2005). A problem in some of these studies is the lack of 

separation between resource availability and soil heterogeneity, which hinders 

precise linking of cause and effect (Maestre et al. 2005; Garcua-Palacios et al. 2012). 

Further studies should thus explore effects of soil heterogeneity on plant 

communities in the absence of confounding effects of resource availability (Yang et 

al. 2015). Doing so should also allow researchers to separate the local cues from 
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systemic effects in the responses of plants to heterogeneous soils (de Kroon et al. 

2009). 

1.5 Aims and outline of this thesis 

This thesis started with an introduction to soil heterogeneity (i.e. the study history 

and definitions, causes at different scales, consequences and study methods) in 

Chapter 1. The following four chapters demonstrate the effects of soil heterogeneity 

on the structure and functioning of plant communities, where two experiments were 

conducted with a novel technique to create soil heterogeneity in three dimensions in 

experimental mesocosms (Fig. 1-4). Chapter 2 introduces this novel technique. 

Chapter 3 investigates the effect of soil heterogeneity on root distribution of plant 

communities, while Chapter 4 explores the soil heterogeneity – species diversity 

relationship. Chapter 5 examines the response of plant communities to the joint 

effects of soil heterogeneity and drought. Finally, Chapter 6 describes the general 

findings from our experiments, their limitations, the applications of the findings and 

future directions of research. 

 

Figure 1-4 Outline and time plan of this thesis 
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CHAPTER 2 A SIMPLE METHOD TO VARY SOIL HETEROGENEITY IN 

THREE DIMENSIONS IN EXPERIMENTAL MESOCOSMS 

Liu Y, De Boeck HJ, Wellens MJ, Nijs I 

 

Abstract: Soil heterogeneity affects terrestrial plant communities both directly and 

indirectly. In nature, the exploration of the role of heterogeneity is made difficult because 

any co-varying factors (nutrients, soil depth, etc.) render it problematic to clearly link cause 

and effect. Attributing changes specifically to heterogeneity is facilitated if heterogeneity is 

varied in a controlled manner and other possible confounding factors are kept constant. The 

experiments conducted in such a way have up till now only considered heterogeneity in two 

dimensions, horizontally or vertically. In this methodological study, we present a novel 

technique that enables researchers to vary both qualitative and configurational heterogeneity 

in three dimensions by building up the soil cell by cell in experimental mesocosms. We 

illustrate the technique with an experiment where we test the effect of cell size (i.e. 

configurational heterogeneity) on the performance of grassland species that vary in nutrient 

preference (high N and low N species). Cell size did not affect aboveground biomass but 

modified species richness, both at the mesocosm and the patch scale, with most species 

being found when cells were small yet distinct (cell size 12 cm). High N species had 

significantly greater aboveground biomass and species richness than low N species, both on 

nutrient-rich and nutrient-poor cells. Remarkably, those differences disappeared when plants 

grew on the mesocosms with cell size close to zero. By allowing greater complexity in the 

design of experimental mesocosms, the 3D approach can improve understanding of the 

interplay between soil heterogeneity and plant and ecosystem functioning. 

This chapter is based on:  

Liu Y, De Boeck HJ, Wellens MJ, Nijs I (2017) A simple method to vary soil heterogeneity 

in three dimensions in experimental mesocosms. Ecological Research 32:287-295 
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2.1 Introduction 

Terrestrial plants interact with the heterogeneity in the soil in different ways. On the 

one hand, there are the direct influences of soil heterogeneity on the performance of 

individual plants and the properties of plant communities, for example, on seedling 

establishment, plant productivity, species composition and species diversity 

(Hutchings et al. 2003; Wijesinghe et al. 2005). These influences are often ascribed 

to soil heterogeneity promoting niche differences (Williams and Houseman 2014). 

On the other hand, plants respond actively to soil heterogeneity through root 

foraging and adapting their nutrient uptake capacity per unit root length or mass 

(Wijesinghe et al. 2001; Mommer et al. 2012). A third aspect of the interaction is 

the ability of plants to change the heterogeneity of their soil environment via plant-

soil feedback (Casper and Jackson 1997; Hinsinger et al. 2005; Maestre et al. 2006; 

Mommer et al. 2012; Hendriks et al. 2015). The experimental investigation of these 

functional aspects of heterogeneity is challenging for different reasons. One is that 

soil heterogeneity has a qualitative and a configurational component (Kelly and 

Canham 1992; Maestre and Cortina 2002). Qualitative heterogeneity refers to 

differences in texture, nutrients, moisture, pH, etc. between locations in the soil, 

which can be large or small. Configurational heterogeneity, on the other hand, refers 

to the patch size of these locations (Dufour et al. 2006). Spatial patterns with 

smaller patches, for example, nutrient-poor and nutrient-rich patches alternating at 

short distances, are considered more heterogeneous because an “observer” such as a 

growing plant root or a burrowing soil animal will encounter more frequent changes 

when penetrating the soil. Moreover, the soil can be heterogeneous in the horizontal 

dimensions (Williams and Houseman 2014) and in the vertical dimension (Maestre 

et al. 2006; Maestre and Reynolds 2006). Many studies have explored effects of 

either horizontal or vertical heterogeneity (García-Palacios et al. 2011; Brandt et al. 

2013), but most soils are heterogeneous in all dimensions at the same time. No 

technique currently exists in experimental ecology to create fully controlled three-

dimensional heterogeneity in both qualitative and configurational factors. Here we 

introduce such a technique in synthesized mesocosms, illustrate it with a feasibility 

test where plants are sown on mesocosms differing in 3D heterogeneity, and discuss 

potential applications. 

2.2 Experimentally simulating 3D heterogeneity  

The technique basically creates a mesocosm consisting of cells filled with substrates 

of different quality (Fig. 2-1). Such a “three-dimensional chessboard” is constructed 

layer by layer. Each layer is encased in a wooden box of which the height equals the 
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cell size of the matrix. The wooden boxes are closed only at the sides, except for the 

lowest box which is also closed at the bottom. The construction starts by placing a 

frame consisting of vertical plastic plates with slits into the lowest wooden box, 

dividing the box into cells (Figs. 2-2a and b). Next, the cells of this lowest layer are 

filled with different substrates (in our case two, “black” and “white”), in an 

alternating fashion (Fig. 2-2c). The plates are subsequently removed by pulling 

them upwards (as a consequence the substrate will slightly subside). This completes 

the assembly of the bottom layer. The entire process is then repeated by placing a 

second wooden box with plastic plates on top of the first one, likewise filling its 

cells with the two substrates (black above white and vice versa), and pulling out the 

plates (Fig. 2-2d). More layers can be assembled using the same procedure, 

depending on the desired depth of the mesocosm. Since, apart from the lowest box, 

the wooden boxes are open at the top and the bottom, the substrates in adjacent 

layers are physically connected. Given that each cell has different neighbours both 

horizontally and vertically, heterogeneity is created in three dimensions. 

 

Figure 2-1 Mesocosms consisting of substrates of different quality, for example, nutrient-

rich (black) and nutrient-poor (white) cells. Configurational heterogeneity decreases from 

left to right, from fine (small cells) to coarse (large cells) distribution of resources. The cell 

size of the full mixture of the two substrates on the left can be considered as approximately 

zero 

Qualitative heterogeneity can be modulated in such mesocosms by varying the 

difference between the substrate types. For example, if nutrient-rich soil (A) and 

nutrient-poor soil (B) are used, a series of decreasing qualitative heterogeneity 

could be: (i) pure A and pure B substrate in alternating cells, (ii) (90% A mixed 

with 10% B) and (90% B mixed with 10% A) in alternating cells, (iii) (80% A 
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mixed with 20% B) and (80% B mixed with 20% A) in alternating cells, etc. 

Configurational heterogeneity can be modulated by varying the cell size (Fig. 2-1), 

i.e. by dividing the mesocosm into few large cells (low configurational 

heterogeneity) or many small cells (high configurational heterogeneity). The two 

components of heterogeneity can thus be controlled independently. Although we 

believe that a cell size equal to the box size can be used as part of a heterogeneity 

gradient, researchers may also opt to keep the cell size smaller than the mesocosm 

size. 

 

Figure 2-2 Experimental simulation of 3D heterogeneity in mesocosms: (a) frame of vertical 

plastic plates with slits, to separate the mesocosm cells; (b) wooden box with the frame of 

vertical plastic plates placed inside to hold one mesocosm layer; (c) filled nutrient-rich 

(black) and nutrient-poor (white) soils into one mesocosm layer; (d) completed mesocosm 

consisting of four filled layers, with alternating nutrient-rich (black) and nutrient-poor 

(white) substrate; (e) emerging plants two weeks after sowing 

To obtain “isotropic” mesocosms with the same density throughout, equal substrate 

amounts should be put in each cell and similar compression applied such that soil in 

all cells is compacted to the same degree. We recommend filling each cell in two 

stages while compressing already after the first half. Substrates composed of a 

mixture of A and B soil can be homogenized with a cement mixer. If the substrate is 

sticky, for example when using clay soil, placing two flat heavy objects on top of 

the layer, one directly to the left and one directly to the right of the plate which is to 

be removed, can prevent substrate from being dragged along when pulling up a 

plate. Drainage holes may be drilled in the bottom plate of the mesocosms, and root 

mesh placed to avert loss of substrate and roots growing through the holes. 
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2.3 Demonstration of the technique 

We illustrate the 3D method with an example of its use (Figs. 2-2a-e). Four levels of 

configurational heterogeneity were created in cubic mesocosms (dimensions 48 cm 

× 48 cm × 48 cm) with cell size 0, 12, 24 or 48 cm. In other words, all mesocosms 

had identical dimensions; the only difference was the cell size. Qualitative 

heterogeneity was the same in all, created by mixing 80% potting soil with 20% 

sand to fill the black cells (nutrient-rich substrate), and 20% potting soil with 80% 

sand to fill the white cells (nutrient-poor substrate). The mesocosms with cell size 

zero were filled with mixed nutrient-rich and nutrient-poor substrate so that the ‘cell 

size’ was close to zero. There are numerous definitions of heterogeneity (Kolasa 

and Rollo, 1991; Li and Reynolds 1995; Stein and Kreft, 2015), and according to 

some of those, our mesocosms with cell size zero could be perceived as 

homogeneous. However, these mesocosms could also be seen as exhibiting the 

highest soil heterogeneity because: (i) plant roots extract nutrients at the millimetre 

scale, and would thus encounter a series of micro-patches of nutrient-rich and 

nutrient-poor substrate along a very short distance (Hutchings et al. 2003), and (ii) 

considering the mixture as homogeneous (based on macroscopic visual impression) 

would imply that the gradient at one point would suddenly change from absolute 

maximum heterogeneity (very small but still distinct cells) to absolute minimum 

heterogeneity (homogeneity), even though the cell size was systematically further 

decreased (Eilts et al. 2011). The authors of the current study support the latter 

perspective, but since there is no consensus in literature on this (cf. Kolasa and 

Rollo, 1991; Li and Reynolds 1995; Chen and Dong 2003) we treat and describe the 

cell size zero level neutrally.  

Substrates were tested by a soil laboratory (“Bodemkundige Dienst van België”, 

Heverlee, Belgium) (Table 2-1). Heterogeneity levels with cell sizes 0, 12 and 24 

cm were represented by five replicate mesocosms each, while the heterogeneity 

level with cell size 48 cm was represented by five replicate mesocosms with 

nutrient-rich substrate and five replicate mesocosms with nutrient-poor substrate in 

order to able to determine the influences of both these substrate types. At the 

surface, the 48-cm-cell mesocosms can actually be considered to have an “infinite” 

patch size, since there is no surrounding patch with different soil that plants can 

access. In the analyses, nutrient-rich and nutrient-poor mesocosms with cell size 48 

cm were therefore lumped when comparing them with other heterogeneity levels. 

This ensures that the average amount of nutrients (or average nutrient concentration) 

is identical for each cell size level, i.e. nutrient-rich and nutrient-poor substrates are 

always equally represented, precluding nutrient bias across heterogeneity levels. 
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With respect to depth, the mesocosms with cell size 48, 24 and 12 cm were 

composed of one, two and four layers, respectively. All boxes were randomly 

distributed across the experimental site (see below) to prevent position bias. 

Most previous studies on soil heterogeneity focused on monocultures or two plant 

species growing together, while we aimed for more complex communities with 

many species interacting both with each other and with the soil heterogeneity. To 

this end, seeds of 24 perennial plant species occurring in grasslands in Belgium 

were obtained from commercial suppliers (Herbiseed in England and Cruydt-Hoeck 

in The Netherlands). The species were arbitrarily classified into two types: high (6-8) 

or low (1-4) preference for nitrogen (N) availability according to the Ellenberg 

ecological indicator value for N (12 species per type, Table 2-2). These values, 

which were put forward by Ellenberg according to the position of plant species’ 

realized ecological niche along an environmental gradient, indicate a species’ 

association with particular growing conditions (Ellenberg et al. 1991), and have 

been used in many other studies to differentiate between species types (e.g. Pärtel 

and Zobel 2007; Gazol et al. 2013). The rationale of this design was that nutrient-

rich cells might favour the biomass production of species with high N indicator 

values, which tend to be competitive (Franzaring et al. 2007) and could outcompete 

species with low N indicator values on this substrate (i.e. lower their species 

richness). High N species would also compete intensely among themselves on such 

nutrient-rich cells, likewise reducing their own species richness (Hautier et al. 2009). 

The low N species, on the other hand, which are more stress-tolerant given that they 

are most often found in low N environments, would be expected to perform 

relatively better on the nutrient-poor cells. High N species might still occur on such 

cells as any competitive exclusion will be slow in unproductive environments, 

leading to higher species richness compared with nutrient-rich cells. We expect the 

differences in species richness between nutrient-poor and nutrient-rich substrates to 

become smaller with decreasing cell size. The presence of adjacent nutrient-poor 

cells should decrease the dominance of those species that outcompete many other 

species on larger nutrient-rich cells, while species being able to persist on bigger 

nutrient-poor cells will likely face increasing competitive pressure as the proximity 

to nutrient-rich cells increases. Depending on the balance of these changes expected 

on nutrient-rich and nutrient-poor cells, the species richness at mesocosm scale may 

change in different directions. 

The experiment ran from 19 May 2015 (sowing date) to 2 September 2015 (harvest) 

at the Drie Eiken Campus of the University of Antwerp (Belgium, 51°09´N, 

04°24´E). The local climate in the region is characterised by mild winters and cool 
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summers, with an average annual air temperature of 10.6°C and 832 mm of rainfall, 

equally distributed throughout the year. Three weeks prior to the start of the 

experiment we tested the germination rates and emergence times of the species in 

order to correct for interspecific differences in these traits in the actual experiment, 

i.e. to equalize the relative abundances and synchronize emergence. Only the 

relative abundances had to be adjusted as emergence times were similar (within two 

weeks after sowing). In the actual experiment, the adjusted seed mixture containing 

all 24 species was sown uniformly across the surface of the 25 3D mesocosms, at 

423 seeds per mesocosm. After sowing, the seeds were covered by a few mm of the 

appropriate substrate (i.e., seeds sown on nutrient-rich/nutrient-poor cells were 

covered with nutrient-rich/nutrient-poor substrate, respectively) and the mesocosms 

were kept moist to promote germination and establishment. During the experiment, 

water was added when needed to account for any shortage in natural rainfall during 

May-September 2015 (Royal Meteorological Institute of Belgium), at the prevailing 

frequency of rainfall events in the region (every two days). Fungicide was applied 

once at the end of June and then one week later to avoid fungal diseases. 



CHAPTER 2 NOVEL TECHNIQUE 

36 

 

Table 2-1 Characteristics of the two substrate types used in the heterogeneity experiment 

Substrate 

type 

pH C (%) NaCl 

(mg L
−1

) 

NO3
−
-N 

(kg ha
−1

) 

NH4
+
-N 

(kg ha
−1

) 

P2O5 

(mg L
−1

) 

K2O 

(mg L
−1

) 

MgO 

(mg L
−1

) 

CaO 

(mg L
−1

) 

Na2O 

(mg L
−1

) 

Nutrient-

Poor 

5.5 1.1 555 142 11 32 118 253 467 18 

Nutrient-rich 5.3 8.7 1264 420 12 188 228 1252 1700 81 

 

Table 2-2 Plant species used in the experiment and Ellenberg’s indicator values for nitrogen (N) of the two types 

Type 1  N value Type 2 N value 

Brachypodium sylvaticum (Huds.) Beauv. 6 Achillea ptarmica L. 2 

Dactylis glomerata L. 6 Agrostis capillaris L. 4 

Epilobium hirsutum L. 8 Berteroa incana (L.) DC. 4 

Festuca gigantea (L.) Vill. 6 Briza media L. 2 

Festuca pratensis Huds. 6 Festuca ovina L. 1 

Geranium robertianum L. 7 Hypericum perforatum L. 4 

Lolium perenne L. 7 Koeleria macrantha (Ledeb.) Schult. 2 

Nepeta cataria L. 7 Leucanthemum vulgare Lam. 3 

Poa pratensis L. 6 Nardus stricta L. 2 

Poa trivialis L. 7 Poa compressa L. 3 

Silene dioica (L.) Clairv. 8 Rumex acetosella L. 2 

Taraxacum officinale F.H.Wigg 8 Vulpia myuros (L.) C.C.Gmel 1 
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At the end of the experiment, we recorded the species in four subsamples of 12 cm 

× 12 cm for mesocosms with cell sizes 0 and 48 cm, and in eight subsamples of 12 

cm × 12 cm for the mesocosms with cell sizes 12 and 24 cm (with half of the 

subsamples in nutrient-poor and half in nutrient-rich cells). These species lists were 

used to calculate the average species richness at patch scale (i.e., per 12 cm × 12 cm 

subsample, for each substrate type), and the average species richness at mesocosm 

scale. Next, we harvested the aboveground biomass of the plants in each mesocosm. 

In the mesocosms with cell sizes 24 and 12 cm, one subsample (12 cm × 12 cm) 

was taken from a randomly chosen nutrient-poor cell and one subsample (12 cm × 

12 cm) from a randomly chosen nutrient-rich cell. Mesocosms with cell sizes 0 and 

48 cm were sampled with only one subsample each (12 cm × 12 cm, likewise 

randomly selected), as these did not have different (or distinguishable) substrate 

types. In each of these subsamples, the plants were harvested at the surface of the 

soil, grouped by species type, oven dried at 70°C for 4 days, and weighed. The 

remaining aboveground biomass in each mesocosm was also harvested, separated 

per substrate (plants growing on the same substrate were combined), and likewise 

dried and weighed. Overall, biomass was thus estimated both on subsamples 

(smaller sample area, but allowing separation of the species types) and on entire 

mesocosms (larger area, but without separating the species types).  

We analysed the data both at mesocosm scale and at cell (patch) scale. At 

mesocosm scale, we used one-way ANOVA to test the effect of cell size on plant 

biomass, and two-way ANOVA to test the effect of cell size and species type on 

species richness. Post-hoc analysis (pairwise comparisons with Fisher’s LSD) was 

used to test differences between mesocosms with different cell sizes. At cell (patch) 

scale, we used generalised linear mixed models (GLMMs) to analyse the effect of 

the treatments on plant biomass and species richness, box identity was treated as the 

random factor. A first analysis was performed on the mesocosms with cell sizes 12, 

24 and 48 cm, excluding the mesocosms with cell size 0 cm because these contained 

no distinguishable poor and rich cells to which plant responses could be attributed. 

In this analysis, species type (high or low N species) and (growing on) nutrient-rich 

or nutrient-poor substrate were explanatory fixed factors, as was cell size. A 

stepwise exclusion of the least significant explanatory variables was performed. 

Post-hoc analysis (pairwise comparisons with Fisher’s LSD) was applied to 

explicitly test differences between mesocosms differing in configurational 

heterogeneity (i.e. cell size). In a second analysis at cell (patch) scale, we used 

Student’s t-tests to investigate the effect of species type on aboveground biomass 

and species richness in 0-cm cell size mesocosms. These mesocosms were analysed 
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separately because nutrient-rich and nutrient-poor patches were indistinguishable, 

implying that substrate type could not be used as a factor in the analysis (in contrast 

to the first analysis at cell scale). All statistics were conducted with SPSS 23.0 

(IBM Corp., 2015). 

2.4 Results 

At the mesocosm scale, cell size did not significantly affect aboveground biomass. 

However, cell size and species type significantly affected species richness (Table 2-

3, Fig. 2-3). More high N than low N species were found at the mesocosm scale (P 

= 0.001), and most species tended to grow in mesocosms with cell size 12 cm (P = 

0.016, 0.068 and < 0.001 for the post-hoc pairwise comparison with 0-, 24- and 48-

cm cell mesocosms, respectively). The least species tended to be found in 

mesocosms with cell size 48 cm (P = 0.078, < 0.001 and 0.015 for the post-hoc 

pairwise comparison with 0-, 12- and 24-cm cell mesocosms, respectively) (Fig. 2-

3). 

Table 2-3 Results of the measurements at the mesocosm scale analysed with one-way 

ANOVA for aboveground biomass and with two-way ANOVA for species richness. F-values, 

P-values and degrees of freedom (df1, df2) are given, with df1 = between-groups degrees of 

freedom, and df2 = within-groups degrees of freedom. Significant results (P < 0.05) 

indicated in bold. Nonsignificant variables were removed stepwise from the final model 

Source Aboveground biomass Species richness 

df F P df F P 

Cell size 3, 21 0.041 0.989 3, 46 7.669 < 0.001 

Species type    1, 48 18.025 < 0.001 

Cell size × Species type    3, 42 1.800 0.162 
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Figure 2-3 Means ± SE of (a) aboveground biomass, (b) species richness and (c) species 

richness separated by species differing in nitrogen preference (high N/low N), all analysed 

at mesocosm scale. For mesocosms with cell size 48 cm, the average (grey dot) of 

mesocosms of nutrient rich (black dot) and nutrient poor (white dot) are used to connect the 

line. These markers are added for visual clarity and were not used in statistical analyses. 

Significant (P < 0.05) differences between treatments are indicated by different letters (post-

hoc analysis with Fisher’s LSD) 

At the cell (patch) scale, the first analysis of the mesocosms with cell sizes 12, 24 

and 48 cm revealed no interactive effects of substrate, cell size and species type on 

aboveground biomass, while cell size and species type interacted significantly on 

species richness. Significant differences in aboveground biomass and species 

richness between high and low N species were found (Table 2-4). We found more 

biomass and higher species richness for high N species than for low N species on 

both nutrient-rich and nutrient-poor cells (Fig. 2-4). While cell size did not 

significantly affect aboveground biomass, it did modulate species richness (Table 2-

4), in agreement with the aforementioned analyses at mesocosm scale. Most species 

were generally found in mesocosms with cell size 12 cm (P = 0.02 and < 0.01 for 

the post-hoc pairwise comparison with 24- and 48-cm cells, respectively), while no 

significant difference of species richness (at cell scale) between mesocosms with 

cell size 24 cm and 48 cm was found (P = 0.440). Note, however, that low N 

species responded more weakly to cell size than high N species (cf. the 

aforementioned significant cell size × species type interaction). The second analysis 

at patch (cell) scale demonstrated that low and high N species performed very 

similarly in the mesocosms with cell size zero, with no significant effects of species 

type discernible, both regarding aboveground biomass (P = 0.77) and species 

richness (P = 0.78) (Fig. 2-4). 
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Figure 2-4 Means ± SE of species differing in nitrogen preference (high N/low N species) in 

nutrient-rich and nutrient-poor cells of varying size: (a) aboveground biomass in nutrient-

poor cells, (b) aboveground biomass in nutrient-rich cells, (c) species richness in nutrient-

poor cells and (d) species richness in nutrient-rich cells. Significant (P < 0.05) differences 

between mesocosms of different cell size (12, 24 and 48; across substrate type) are indicated 

by different letters (post-hoc analysis with Fisher’s LSD). The means ± SE are also 

indicated for the full mixture of nutrient-rich and nutrient-poor substrate (cell size 0 cm) 
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Table 2-4 Results of the generalised linear mixed models (GLMMs): comparison of mesocosms with cell sizes 12, 24 and 48 cm (substrate types: 

nutrient-rich and nutrient-poor). F-values, P-values and degrees of freedom (df1, df2) are given, with df1 = between-groups degrees of freedom, 

and df2 = within-groups degrees of freedom, for aboveground biomass and species richness. Species type refers to the species’ nitrogen 

preference (low or high) according to Ellenberg indicator values. Significant results (P < 0.05) indicated in bold. Nonsignificant variables were 

removed stepwise from the final model 

Source Aboveground biomass Species richness 

df F P df F P 

Cell size 2, 57 0.824 0.444 2, 237 5.501 0.005 

Soil type 1, 58 2.405 0.126 1, 238 0.126 0.723 

Species type 1, 58 60.002 < 0.001 1, 238 78.314 < 0.001 

Cell size × Soil type 2, 54 0.501 0.609 2, 234 0.299 0.742 

Cell size × Species type 2, 54 0.562 0.574 2, 234 3.453 0.033 

Soil type × Species type 1, 56 1.170 0.284 1, 236 1.022 0.361 

Cell size × Soil type× Species type 2, 48 0.161 0.852 2, 228 0.971 0.424 
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2.5 Discussion 

We demonstrated that configurational and qualitative soil heterogeneity can be 

created in three dimensions at controlled levels and independently from each other 

in synthesized mesocosms. The results of a first, short experiment highlight that 

complex and surprising patterns may emerge from manipulating 3D heterogeneity. 

Aboveground biomass at the mesocosm scale was not significantly affected by cell 

size, which is inconsistent with the study by Gazol et al. (2013). However, species 

richness was modified by cell size, with more species growing in mesocosms with 

small yet distinct cells (12 cm) than in mesocosms with either a more coarse 

distribution of substrates (cell size 24 and 48 cm) or with fully mixed substrate (cell 

size 0). The former is in line with earlier assertions of soil heterogeneity promoting 

community diversity by offering more niches (Pickett and Bazzaz 1978; Ackerly 

and Cornwell 2007; Williams and Houseman 2014).  

At the cell (patch) scale, in line with expectations, our results indicate clear 

differences in productivity and realized species richness between species with 

varying nutrient preferences. Although we expected that especially high N species 

would profit from growing on nutrient-rich cells, i.e. relatively increase their 

biomass at the expense of low N species by superior foraging ability either locally 

or in deeper soils (Tamme et al. 2010; Gazol et al. 2013), the absence of a 

significant species type × substrate type interaction suggests otherwise. Likewise, 

no clear evidence of lower species richness in nutrient-rich patches was found. In 

fact, at cell size 48 cm, more species were present in nutrient-rich than in nutrient-

poor mesocosms. In the analyses at the patch scale we did observe several effects of 

configurational heterogeneity (cell size). First, species richness increased when the 

cell size decreased from 48 cm to 12 cm (Fig. 2-4 and Table 2-4), in line with our 

findings at the mesocosm scale. Because the number of species found on nutrient-

poor and nutrient-rich substrates was similar, our hypothesis that species richness 

differences between both substrates would become smaller with decreasing cell size 

was not confirmed. Of note is the observation that differences in both species 

richness and aboveground biomass between species thought to be more and less 

competitive (high and low N species) were no longer significant in mesocosms 

where the two substrates were fully mixed (i.e. cell size 0 cm). This implies that 

high N species were negatively affected at this extreme end of the heterogeneity 

gradient, while low N species were stimulated. Our experiment demonstrates that 

explicitly varying soil heterogeneity in three dimensions can generate complex 

patterns. Full elucidation of such patterns will probably require detailed studies of 
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root foraging and plasticity, as plants growing on nutrient-poor cells likely grew 

into nutrient-rich cells adjacent or below.  

Similar to other methods of artificial assembly of model ecosystems, the technique 

is likely prone to reduced ecological realism owing to the initial soil disturbance 

during construction, edge effects, isolation or island effects, time scale limitations, 

etc. (De Boeck et al. 2015). Results from its application should thus be interpreted 

and extrapolated with caution, and should preferably be combined with findings 

from other approaches such as using the natural variation in heterogeneity 

(Williams and Houseman 2014) or injecting nutrients in existing soils (McKane et 

al. 2002). Yet the 3D technique can offer insights into heterogeneity – ecosystem 

functioning relationships which are hard to acquire from these other approaches, 

which are less flexible and suffer from covariation of heterogeneity with other 

factors (Brandt et al. 2013). In other words, this technique allows researchers to 

simulate more complicated soil conditions. Note that direct comparisons of our 

results with those from previous studies on 2D soil heterogeneity are not 

straightforward because 2D studies have used a wide variety of different techniques, 

which do not always have an equivalent of cell size (e.g. injecting nutrients, mixing 

different layers of existing soils, etc.), and because we sowed a mixture of two 

particular groups of species, which to our knowledge has not been done before in 

heterogeneity – ecosystem functioning research. 

A promising avenue for future research opened by the 3D technique is disentangling 

the combined influences of horizontal heterogeneity (patchiness) and vertical 

heterogeneity (stratification) in the same system. Here the method even allows one 

to simulate increasing uniformity away from the soil surface as found in many real 

soils (Kardanpour et al. 2015), by gradually augmenting the thickness of the layers 

with depth. Likewise, horizontal anisotropy in the soil patchiness can be simulated 

by locally varying the cell size within the same layer, for example, by subdividing 

some of the cells into smaller ones whilst keeping others larger. Moreover, more 

than two substrate types could be used, for example, to simulate gradients or 

generate a variegated mesocosm in one or more dimensions. 

The 3D method also opens perspectives to better understand the interplay between 

soil heterogeneity and plant heterogeneity (i.e. spatial aggregation of plant species). 

Growth in mono-specific patches significantly alters the competitive balance 

relative to a random mixture (De Boeck et al. 2006), but the interaction with the soil 

structure is hardly understood. This interaction can be studied by planting species in 
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specific positions (Burns and Brandt 2014), manipulating both the species-specific 

interaction of the plants and the soil heterogeneity. 

Finally, the 3D technique could improve our understanding of how soil 

heterogeneity drives plant diversity at small scales. Several theories have been 

proposed to explain this relationship (positive, neutral or negative, Wijesinghe et al. 

2005; Brandt et al. 2013), depending on the relative sizes of patches and plants. 

When the plant size exceeds the patch size of soil heterogeneity, species with good 

foraging ability may monopolize the resource-rich patches, thus competitively 

excluding weaker foragers (Tamme et al. 2010; Gazol et al. 2013). This theory in 

fact considers heterogeneity like a resource and a heterogeneity gradient like a niche 

axis. In the microfragmentation theory (Tamme et al. 2010; Gazol et al. 2013), the 

plant size is similar or smaller than the patch size. Here, specialists of poor soil 

patches would be exposed to greater risk of mortality than generalist species which 

can use both poor and rich soil, which overall may reduce plant species diversity. In 

the current experiment, there are two factors precluding us from testing this theory. 

First, the relative size of species vs. the patch is unclear, which could be resolved by 

injecting stable isotopes in specific patches and analysing aboveground biomass so 

that the root distribution/proliferation of each species can be traced (Oburger and 

Schmidt 2016); second, two extreme species types were used rather than a 

generalist and a specialist type. A third theory states that soil heterogeneity may 

promote diversity simply because more niches are available, which we think caused 

the pattern observed in the current experiment as mentioned earlier. Future studies 

using the 3D technique could test these theories by independently varying plant and 

cell size. Since the goal in this type of research would be to understand how soil 

heterogeneity drives plant diversity, a random seed rain of a given species mixture 

might be applied as in the current experiment, allowing the different substrates to 

“select” the species that establish locally, producing a community structure that is 

“unsupervised” by the experimenter. In conclusion, the 3D technique provides a 

flexible test environment for investigating these heterogeneity-diversity 

relationships, which should yield more insight in small-scale coexistence and 

diversity patterns in plant communities. 

2.6 Conclusion 

This technique creates soil heterogeneity in three dimensions, which increases 

gradually with decreasing cell size. This study is a valuable starting point to explore 

soil heterogeneity in its own way, which will improve our understanding of the 

relationship between small-scale soil heterogeneity and plant diversity. 
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CHAPTER 3 ROOT DISTRIBUTION RESPONSES TO THREE-

DIMENSIONAL SOIL HETEROGENEITY IN EXPERIMENTAL 

MESOCOSMS 

Liu Y, Bortier MF, De Boeck HJ, Nijs I 

 

Abstract: Plant root systems respond to local variation in soil conditions, but principles 

underlying the spatial distribution of roots in soils with different heterogeneity are not well 

known. This study investigates how root systems react to experimental variation of soil 

heterogeneity in three dimensions (3D). We created four levels of soil heterogeneity in 

mesocosms by alternating nutrient-rich and nutrient-poor substrate in three dimensions. The 

cell sizes of this soil matrix were 0, 12, 24 or 48 cm. Root distributions of the plant 

communities establishing on these soils were examined at different scales: mesocosm, 

substrate type and horizontal layer. Mesocosms with higher soil heterogeneity (smaller cells) 

had more shoot biomass while root biomass was unaffected, in line with our assumption that 

greater proximity to nutrient-rich patches allows plants on nutrient-poor patches to invest 

relatively less in roots. More heterogeneous soils also yielded spatially more heterogeneous 

root systems, i.e. with root biomass that diverged more between nutrient-poor and nutrient-

rich cells. This suggests that plants on nutrient-poor cells can more easily grow into adjacent 

nutrient-rich cells at higher soil heterogeneity. More realistic yet complex 3D designs can 

help improve understanding of root spatial distribution as driven by soil configurational 

heterogeneity. 

 

This chapter is based on:  

Liu Y, Bortier MF, De Boeck HJ, Nijs I (2017) Root distribution responses to three-

dimensional soil heterogeneity in experimental mesocosms. Plant and Soil: 421:353-366 
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3.1 Introduction 

The heterogeneous distribution of soil resources such as nutrients, water, etc. is an 

innate characteristic of soils. According to classical niche theory, more plant species 

can coexist on heterogeneous soils because more niches are available (Questad et al. 

2008; Price et al. 2014). However, species do not merely undergo soil heterogeneity. 

They also develop different strategies to adapt to it, such as adjusting root 

architecture (Caldwell 1994; Fitter 1994), root foraging or nutrient uptake kinetics 

(Wijesinghe et al. 2001; Mommer et al. 2012), or simply by producing more roots 

(Šmilauerová, 2001; Maestre et al. 2006). In many cases, these responses will 

modify belowground competition (Casper and Jackson 1997; Hodge et al. 1999; 

Hutchings et al. 2003) and alter the performance of species (Day et al. 2003; 

Hutchings and John 2004; Wijesinghe et al. 2005). Measuring root distribution in 

soils with different heterogeneity could help elucidate these mechanisms, but 

several factors add complexity. One is that soils are heterogeneous in the horizontal 

(Williams and Houseman 2014) as well as in the vertical dimension (Maestre et al. 

2006; Maestre and Reynolds 2006a), while heterogeneity can also change through 

time (Fitter et al. 2000; Maestre and Reynolds 2006a). Moreover, the feedback 

between plants and soil can alter soil heterogeneity (Hendriks et al. 2015; Burns et 

al. 2017). In nature, it is complicated to uncover the role of soil heterogeneity as 

many uncontrolled factors (nutrients, microclimate, plant age, etc.) make it more 

difficult to precisely link cause and effect (De Boeck et al. 2015). Exploring this 

role is facilitated with controlled approaches where factors other than soil 

heterogeneity are kept constant as much as possible. Although root placement has 

been investigated in response to soil heterogeneity with such approaches (Campbell 

et al. 1991; Wijesinghe et al. 2001), no studies have to our knowledge examined the 

spatial distribution of roots in soils where heterogeneity is experimentally varied in 

three dimensions, i.e. horizontally and vertically. 

In multi-species systems, complexity is increased further because species interact 

not only with soil heterogeneity, but also with each other (Ravenek et al. 2016). 

Additionally, the presence of N-fixing species in a community, such as legumes, 

may strongly modify heterogeneity itself by locally adding nitrogen to the soil. Yet, 

community-level experiments on soil heterogeneity are rare (García-Palacios et al. 

2012). The few available studies show that finer-grained patchiness may either 

increase (Gazol et al. 2013) or decrease (Maestre et al. 2005; Wijesinghe et al. 2005; 

Maestre et al. 2006; Maestre and Reynolds 2007; García-Palacios et al. 2011) 

community biomass, but the underlying mechanisms remain unclear. A key 

mechanism at the community level could be that some species can grow relatively 
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better than others on different patches of heterogeneous soils. For example, on 

resource-rich patches competitive species would be favoured relative to stress-

tolerant species as they are stronger competitors for resources, while the balance 

would tilt more towards stress-tolerants on resource-poor patches. According to the 

theory of niche complementarity (Loreau et al. 2001), such a partitioning of 

heterogeneous resources could improve their overall use and increase community 

biomass. 

To improve understanding of how soil heterogeneity fundamentally affects root 

deployment, we investigate the spatial distribution of roots in multi-species 

mesocosms where soil heterogeneity is experimentally created in three dimensions 

using a recently developed technique, while keeping all other factors constant (Liu 

et al. 2017) (Fig. 3-1a). In the mesocosms, soil patches (cells) of two different 

substrates, which mainly differ in nutrients, alternate in all directions. We create 

four different levels of heterogeneity by varying the cell size, while providing the 

same seed rain to all mesocosms in order to let species composition develop freely. 

We tested the following hypotheses (Fig. 3-1b, c): (1) In mesocosms with higher 

soil heterogeneity (smaller cell size), plants growing on nutrient-poor cells have 

access to resources from neighbouring nutrient-rich cells at shorter distance as 

compared to mesocosms with lower soil heterogeneity (larger cell size). This allows 

for less investment in roots and thus lower root/shoot ratios at mesocosm scale. For 

the same reason, the root biomass of nutrient-poor and nutrient-rich cells will 

diverge more in more heterogeneous soils, making the spatial distribution of root 

biomass more heterogeneous as well; (2) Plants growing on nutrient-poor cells in 

the top layer have to invest more root biomass to acquire the same amount of 

resources than plants growing on nutrient-rich cells in the top layer, even if deeper 

cells compensate for this and the total amount of resources in a soil column is the 

same. This drawback for plants growing on nutrient-poor cells is greater when cells 

are larger. Differences in root biomass between adjacent columns should therefore 

decrease when cells are smaller, i.e. with increasing soil heterogeneity. 
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Figure 3-1 (a) 3D view of the mesocosms with the two substrates, i.e. nutrient-rich (black) 

and nutrient-poor (white), used in the experiment. Configurational heterogeneity decreases 

from left to right, from fine (small cells) to coarse (large cells) distribution of resources. The 

cell size of the full mixture of the two substrates on the left can be considered as 

approximately zero. (b) Predicted pattern of root/shoot ratio (R/S) at mesocosm scale (top 

view, Hypothesis 1) and (c) predicted pattern for the difference between root biomass of soil 

columns with nutrient-rich cells on top vs. nutrient-poor cells on top (lateral view, 

Hypothesis 2), in different levels of soil heterogeneity 

3.2 Materials and Methods 

EXPERIMENTAL DESIGN 

The experiment was conducted at the Drie Eiken Campus of the University of 

Antwerp (Belgium, 51°09´41″N, 04°24´29″E) from 19 May to 2 September 2015. 

This location is characterised by mild winters and cool summers, with average 

annual air temperature 10.6 °C and rainfall 832 mm, equally distributed throughout 

the year (Royal Meteorological Institute of Belgium). The four levels of soil 

heterogeneity were created from nutrient-poor and nutrient-rich substrate (see 

characteristics in Table 3-1). These substrates were produced by combining potting 

soil and Lommel sand, bought from commercial suppliers in Belgium. The nutrient-

poor substrate consisted of a 1:4 mixture of potting soil and sand, and the nutrient-

rich substrate of a 4:1 mixture. Each substrate was thoroughly homogenized in a 
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cement mixer. Note that the two substrates varied also in water holding capacity, 

but soil water content was kept optimal in the experiment (see below), such that 

heterogeneity was predominantly driven by nutrients. Only configurational 

heterogeneity was modulated (through varying cell size), while qualitative 

heterogeneity was constant since the same two substrates were used across all cell 

sizes (Liu et al. 2017). Compared with the average of local soils in Belgian 

grasslands (86 mg P L
−1

 and 231 mg K L
−1

, Janssens et al. 1998, data for N was not 

available), our nutrient-rich substrate had comparable (101 mg P L
−1

 and 230 mg K 

L
−1

) and our nutrient-poor substrate substantially lower (46 mg P L
−1

 and 119 mg K 

L
−1

) contents of macro-nutrients (values derived from Table 3-1). The variation 

induced in the experiment was consequently broadly in the range of existing values 

in the field. 
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Table 3-1 Characteristics of the two substrates tested at the beginning and end of the experiment  

At the beginning 

Substrate type pH C (%) NaCl 

(mg L
−1

) 

NO3
−
-N 

(kg ha
−1

) 

NH4
+
-N 

(kg ha
−1

) 

P2O5 

(mg L
−1

) 

K2O 

(mg L
−1

) 

MgO 

(mg L
−1

) 

CaO 

(mg L
−1

) 

Na2O 

(mg L
−1

) 

Nutrient-poor 5.5 1.1 555 142 11 32 118 253 467 18 

81 Nutrient-rich 5.3 8.7 1264 420 12 188 228 1252 1700 

 

 At the end 

Substrate type NO3
−
-N 

(kg ha
−1

) 

NH4
+
-N 

(kg ha
−1

) 

Nutrient-poor 2 28 

Nutrient-rich 2 34 



CHAPTER 3 ROOT DISTRIBUTION 

57 

 

The four levels of soil heterogeneity in our experiment were produced in 

mesocosms of the same size (48 cm × 48 cm × 48 cm) and consisted of cubic cells 

with edge dimensions of 0, 12, 24 or 48 cm. Large differences in soil quality across 

short distances, as between our two substrates, have been applied in the previous 

studies (for example, 10 cm, Kleb and Wilson 1997; 20 cm, Farley and Fitter 1999) 

and can also be found in situ. For example, dung patches can create nutrient-rich 

spots in an otherwise nutrient-limited ecosystem; tussocks can induce high variation 

in soil water content, temperature and nutrients in the range of 10-20 cm; and runoff 

water can increase local resources (e.g. water, nutrients) in depressions of uneven 

terrain (Jackson and Caldwell 1993; Stark 1994; Huber-Sannwald and Jackson 

2001). The mesocosms in our experiment were held in wooden boxes. Cell size was 

the only difference among the four levels of soil heterogeneity as each level had the 

same amount of nutrient-poor and nutrient-rich substrate and thus the same average 

amount of resources. The mesocosms with cell size 48 cm were filled with either 

the nutrient-poor or nutrient-rich substrate, and can actually be considered to have 

“infinite” patch size, since there are no surrounding patches of different substrate. 

This consequently represents the lowest level of heterogeneity. The mesocosms 

with cell size 12 and 24 cm were filled with nutrient-rich and nutrient-poor substrate 

alternating in three dimensions, using the technique of Liu et al. (2017). These 

treatments with declining cell sizes represent progressively larger heterogeneity as 

an ‘observer’ such as a growing plant root or a burrowing soil animal will encounter 

changes in soil conditions at shorter and shorter distances. The greatest variation in 

soil conditions, and thus the highest level of soil heterogeneity, is reached when cell 

size approximates 0 cm. This treatment was created by constructing mesocosms 

with a perfect mixture of the nutrient-rich and nutrient-poor substrate. We thus 

adopt the view of Liu et al. (2017) that heterogeneity is inversely related to cell size 

across all spatial scales. This can be supported by calculating the fractal dimension 

D = log N/log M, where N is the number of cubes and M is the magnification factor, 

the latter in this case being the number of layers in a mesocosm. Resulting fractal 

dimensions of nutrient-rich and nutrient-poor soils are 1, 2, 2.5 and infinite when 

cell size decreases from 48 to 24 to 12 and 0, respectively. Other authors have 

considered perfect mixtures as homogeneous, but this leads to low heterogeneity at 

both ends of the cell size scale and thus no systematic relationship between cell size 

and heterogeneity. 

Each of the cell sizes 0, 12 and 24 cm was replicated in five mesocosms. Cell size 

48 cm was replicated ten times, i.e. five with nutrient-rich and five with nutrient-

poor substrate, in order to be able to determine the influences of both these substrate 

types, but also since they jointly constitute the mesocosm-level response at 48 cm 
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(we consequently lumped them in mesocosm-scale analyses). As all mesocosms had 

the same depth, those with cell size 12, 24 and 48 cm were composed of four, two 

and one layer, respectively. To construct the mesocosms, plastic plates with slits 

were placed into the wooden boxes to separate them into different cells, before 

adding the substrates. These partitions were removed after filling (layer by layer), 

such that all cells were connected and roots could grow freely throughout the whole 

mesocosm. Similar compression was applied when filling the cells to make sure 

each mesocosm had equal amounts of substrates. Four 12-mm-diameter holes in the 

bottom of each wooden box ensured drainage of water. 

Twenty-four perennial herbaceous plant species, naturally occurring in grasslands in 

Belgium, were used in the experiment. They were classified into two types, i.e. high 

(6-8) or low (1-4) preference for nitrogen (N) availability according to Ellenberg’s 

ecological indicator value for N (12 species per type, Table 3-2, Ellenberg et al. 

1991), in order to encompass species adapted to nutrient-poor as well as to nutrient-

rich substrate. With seeds obtained from commercial suppliers (Herbiseed, Reading, 

UK and Cruydt-Hoeck, Nijeberkoop, The Netherlands), a seed mixture with equal 

relative abundances of all the species was composed, corrected for differences in 

germinability according to a germination test conducted three weeks prior to the 

actual experiment. Emergence times of the species were similar and did not require 

correction. Each mesocosm received a uniform seed rain of 423 of the mixed seeds, 

so that the substrate quality of each patch could determine the local community as 

described in the Introduction. After sowing, seeds were covered with a few 

millimetres of the substrate corresponding to that of the cell concerned. During the 

experiment, all mesocosms were irrigated when needed to account for any shortage 

in natural rainfall, at the prevailing frequency of rainfall events in the region (every 

two days). Fungicide was applied twice, one at the end of June and once one week 

later, to avoid fungal diseases. Weeds were regularly removed. 
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Table 3-2 Plant species used in the experiment and their Ellenberg nitrogen (N) values 

Species Family Type N value 

Achillea ptarmica L. Asteraceae 1 2 

Agrostis capillaris L. Poaceae 1 4 

Berteroa incana (L.) DC. Brassicaceae 1 4 

Briza media L. Poaceae 1 2 

Festuca ovina L. Poaceae 1 1 

Hypericum perforatum L. Hypericaceae 1 4 

Koeleria macrantha (Ledeb.) Schult. Poaceae 1 2 

Leucanthemum vulgare Lam. Asteraceae 1 3 

Nardus stricta L. Poaceae 1 2 

Poa compressa L. Poaceae 1 3 

Rumex acetosella L. Polygonaceae 1 2 

Vulpia myuros (L.) C.C.Gmel Poaceae 1 1 

    

Species Family Type N value 

Brachypodium sylvaticum (Huds.) 

Beauv. 

Poaceae 2 6 

Dactylis glomerata L. Poaceae 2 6 

Epilobium hirsutum L. Onagraceae 2 8 

Festuca gigantea (L.) Vill. Poaceae 2 6 

Festuca pratensis Huds. Poaceae 2 6 

Geranium robertianum L. Geraniaceae 2 7 

Lolium perenne L. Poaceae 2 7 

Nepeta cataria L. Lamiaceae 2 7 

Poa pratensis L. Poaceae 2 6 

Poa trivialis L. Poaceae 2 7 

Silene dioica (L.) Clairv. Caryophyllaceae 2 8 

Taraxacum officinale F.H.Wigg Asteraceae 2 8 

 

SAMPLING AND HARVESTING 

At the end of the experiment, the shoots and roots were harvested. Shoots were 

clipped at the soil surface and separated according to the substrate they had grown 

on (nutrient-poor or nutrient-rich) in each mesocosm, yielding one sample in 

mesocosms with cell size 0 and 48 cm, and two samples in mesocosms with cell 

size 12 and 24 cm (one for nutrient-poor and one for nutrient-rich substrate). To 

collect the roots, the soil of each mesocosm was cut into 64 cubes of 12 cm × 12 cm 

× 12 cm (16 cubes/layer × 4 layers/mesocosm), corresponding with the cell 

structure in the mesocosms with the 12-cm cells in order to have the same (high) 

resolution everywhere. Subsequently, each cube was cut into four subcubes of size 

6 cm × 6 cm × 12 cm (12 cm being the height), from which one subcube was 
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randomly selected. Finally, in each horizontal layer of each mesocosm, all the 

subcubes of the same substrate were grouped into one pooled sample. This yielded 

four pooled soil samples in mesocosms with cell size 0 and 48 cm (one substrate 

type × four layers), and eight pooled soil samples in mesocosms with cell size 12 

and 24 cm (two substrate types × four layers). The soil samples were carefully 

washed to separate the roots from their growing soil; separation by species was not 

possible. Finally, shoot biomass and root biomass were oven-dried at 70 °C for 4 

days and weighed. 

To estimate the aboveground species composition, one 12 cm × 12 cm sample was 

randomly selected from each mesocosm with cell size 0 and 48 cm, and two 12 cm 

× 12 cm samples from each mesocosm with cell size 12 and 24 cm (one from 

nutrient-poor and one from nutrient-rich substrate). Shoots were separated by 

species, oven dried at 70 °C for 4 days and weighed. This extracted biomass was 

included in the shoot biomass totals per mesocosm referred to above. 

DATA ANALYSIS AND STATISTICS 

Shoot and root biomass were calculated and analysed at different scales: mesocosm, 

substrate and horizontal layer (the latter only for root). Shoot biomass at mesocosm 

scale refers to the total shoot biomass in each mesocosm, converted to g m
−2

 by 

dividing by the total mesocosm surface area (0.48 m × 0.48 m). Shoot biomass at 

substrate scale was calculated by dividing the biomass of plants growing on each 

top layer substrate by the surface area of that substrate, i.e. (0.48 m × 0.48 m)/2 for 

mesocosms with cell size 12 and 24 cm, and 0.48 m × 0.48 m for mesocosms with 

cell size 0 and 48 cm. 

Root biomass at mesocosm scale refers to the root biomass in all the subcubes in a 

mesocosm (i.e. 64 subcubes/mesocosm = 16 subcubes/layer × 4 layers/mesocosm), 

converted to g m
−2

 by dividing by the theoretical mesocosm surface area under 

which these subcubes were collected (0.06 m × 0.06 m × 16 subcubes/layer as the 4 

layers share the same mesocosm surface area). The resulting expression per unit 

surface area of the mesocosms allows for comparison with the shoot biomass at 

mesocosm scale, and for calculation of the root/shoot ratio. We do not calculate root 

biomass expressed per unit volume, i.e. root density, because all mesocosms have 

the same volume, so identical response patterns to the treatments would emerge. 

Root biomass at substrate scale refers to the root biomass of all the subcubes of a 

given substrate in a mesocosm, converted to g m
−2

 mesocosm surface area by 

dividing by the area of those subcubes. In mesocosms with cell size 12 and 24 cm, 

the biomass was thus pooled of 32 subcubes (= 8 subcubes/layer × 4 
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layers/mesocosm) and divided by (0.06 m × 0.06 m × 8 subcubes/layer), whereas in 

mesocosms with cell size 0 and 48 cm the biomass was pooled of 64 subcubes (= 16 

subcubes/layer × 4 layers/mesocosm) and divided by (0.06 m × 0.06 m × 16 

subcubes/layer). These calculations, as they are expressed per unit surface area of 

the mesocosms, again take into account that the 4 layers share the same surface area. 

Similar to above, we do not calculate root biomass per unit volume for a given 

substrate, as it will show the same response pattern to the treatments. 

Root biomass at layer scale refers to the total root biomass of all 16 subcubes in a 

given layer within a mesocosm, converted to g m
−2

 surface area by dividing by the 

area of those subcubes (0.06 m × 0.06 m × 16 subcubes/layer). Finally, root biomass 

at layer scale within a mesocosm was also calculated separately for nutrient-poor 

and nutrient-rich substrate (here the reference area equals 0.06 m × 0.06 m × 8). 

Total plant biomass and root/shoot ratio (R/S) of a mesocosm were calculated as 

shoot biomass + root biomass and root biomass / shoot biomass, respectively. We 

also calculated the fraction of the total root biomass present in nutrient-rich patches, 

both at mesocosm and at layer scale. The heterogeneity of the root biomass in three 

dimensions was expressed as the coefficient of variation (CV) of all the pooled root 

biomass samples across substrate types and layers, i.e. 8 pooled samples (4 in 

nutrient-rich and 4 in nutrient-poor) for mesocosms with cell size 12, 24 and 48; CV 

of the root biomass for mesocosms with cell size 0 was also calculated, obviously 

only across the four layers as the substrates were not discernible. Note that root 

biomass heterogeneity calculated in this way is a proxy as subcubes of the same 

substrate were pooled within each layer. 

Aboveground species composition (proportion of total shoot biomass by species) 

was calculated at substrate scale by combining the five randomly selected 0.12 m × 

0.12 m samples taken in nutrient-poor or nutrient-rich substrate for each level of 

soil heterogeneity, and making the relative abundance diagram. 

At mesocosm scale, one-way ANOVA was used to investigate the effect of cell size 

on the root biomass, shoot biomass, total biomass and R/S in mesocosms with cell 

size 0, 12, 24 and 48 cm. As post-hoc analyses (pairwise comparisons with Fisher’ 

LSD) were not significant but the data showed a contrast between the lowest 

heterogeneity level and all others for some of the response variables (see Results), 

we also verified with Student’s t tests whether root biomass, shoot biomass, total 

biomass and R/S were different between cell size 48 cm and cell sizes 0, 12 and 24 

cm combined. At substrate scale, we applied generalised linear mixed models 

(GLMMs) to test effects of cell size and substrate type on shoot biomass and on root 
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biomass in mesocosms with cell size 12, 24 and 48 cm, excluding mesocosms with 

cell size 0 where substrate types could not be distinguished. Mesocosm identity was 

a random factor in these tests, and non-significant explanatory variables were 

excluded stepwise. At layer scale, four separate analyses were done. First, GLMMs 

to test the effect of cell size, substrate type and layer and all interactions on the root 

biomass in mesocosms with cell size 12, 24 and 48 cm. Mesocosm identity was 

again the random factor, non-significant explanatory variables were likewise 

excluded stepwise, and post-hoc analyses (pairwise comparisons with Fisher’s LSD) 

were conducted when differences among treatments were significant. Second, 

GLMM and associated post-hoc analysis tested the effect of layer on the root 

biomass in mesocosms with cell size zero. Third, GLMM investigated the effect of 

cell size and top substrate type on the total root biomass in soil columns of 

mesocosms with cell size 12 and 24 cm, to assess possible differences between 

columns with the same amount of resources but different access to them in the 

vertical profile. Fourth, GLMM was conducted to explore the effect of cell size and 

layer on the fraction of the total root biomass present in nutrient-rich patches in 

mesocosms with cell size 12, 24 and 48 cm. Also in these last three analyses, 

mesocosm identity was the random factor. 

Finally, one-way ANOVA was used to test the effect of cell size on the coefficient 

of variation (CV) of the root biomass, and on the fraction of root biomass present in 

nutrient-rich patches, in both cases at mesocosm scale, so all substrates and layers 

combined, for cell sizes 12, 24 and 48 cm. All statistics were done with SPSS 23.0 

(IBM Corp., 2015). 

3.3 Results 

At mesocosm scale (Table 3-3, Fig. 3-2), there was no overall effect of cell size on 

root biomass, shoot biomass, total biomass or R/S. However, the average shoot 

biomass of the mesocosms with the three smaller cell sizes (0, 12 and 24 cm 

combined) was significantly greater (P = 0.015, 14% increase) than the shoot 

biomass of the mesocosms with cell size 48 cm. Also, the combined mesocosms 

with cell sizes 0, 12 and 24 cm had a marginally lower R/S (P = 0.076, 22% 

decrease) than the mesocosms with cell size 48 cm. Across all levels of soil 

heterogeneity (mesocosms with cell size 0 cm not included), plants invested on 

average 55% of their total root biomass in nutrient-rich patches. This fraction did 

not depend on cell size (P = 0.230). 
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Table 3-3 Effect of cell size in one-way ANOVAs of shoot biomass, root biomass, total 

biomass and root/shoot ratio (R/S) measured in mesocosms with cell sizes 0, 12, 24 and 48 

cm. F-values, P-values and degrees of freedom (dfbetween-groups, dfwithin-groups) are given 

Source Shoot biomass Root biomass 

df F P df F P 

Cell size 3, 21 0.041 0.989 3, 21 0.177 0.910 

       

Source Total biomass R/S 

df F P df F P 

Cell size 3, 21 0.051 0.984 3, 21 0.460 0.713 

 

At substrate scale (Table 3-4, Fig. 3-3), more shoot and root biomass was found in 

nutrient-rich than in nutrient-poor substrate. For shoot biomass, the increase 

depended on cell size (cell size × substrate type interaction), and amounted to 25, 11 

and 109% at cell size 12, 24 and 48 cm, respectively. Fig. 3-3 reveals that the 

aforementioned decline in mesocosm shoot biomass at 48 cm cell size (relative to 

the other cell sizes) originates from a sharp drop in biomass specifically on the 48-

cm nutrient-poor patches. Species compositions at the different substrates and cell 

sizes can be found in the supplementary material (Appendix 3-1). For root biomass, 

the overall pattern of greater values in nutrient-rich substrate (Table 3-4) seemed to 

be absent at cell size 48 cm (Fig. 3-3b). A separate Student’s t test indeed showed 

no significant difference (P = 0.824). 

 

Figure 3-2 Mean ± SE of shoot, root and total biomass (a) and root/shoot ratio (R/S) (b) at 

mesocosm scale as a function of varying cell size. The grey R/S symbol at 48 cm represents 

the average of the measurements on nutrient-rich (black symbol) and nutrient-poor (white 

symbol) mesocosms 
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Table 3-4 Effects of cell size, substrate type and their interaction in GLMMs of shoot and 

root biomass measured in mesocosms with cell sizes 12, 24 and 48 cm. F-values, P-values 

and degrees of freedom (dfbetween-groups, dfwithin-groups) are given, with significant results (P < 

0.05) in bold. Nonsignificant factors were removed stepwise from the final model 

Source Shoot biomass Root biomass 

df F P df F P 

Cell size 2, 27 1.035 0.371    

Substrate type 1, 28 17.194 < 0.001 1, 28 6.143 0.019 

Cell size × Substrate type 2, 24 4.202 0.027    

 

 
Figure 3-3 Mean ± SE of shoot biomass (a) and root biomass (b) at substrate scale 

(nutrient-rich vs. nutrient-poor) as a function of cell size. Mesocosms with cell size 0 cm are 

indicated in grey 

At layer scale, in the first analysis on mesocosms with cell size 12, 24 and 48 cm, 

root biomass varied with layer, substrate type, cell size × substrate type interaction, 

and layer × substrate type interaction (Table 3-5, Fig. 3-4). As a single factor, cell 

size had little influence on the vertical distribution of roots. Yet, in nutrient-rich 

substrate, plants grew more roots in 24-cm-cell than in 48-cm-cell mesocosms, 

while in nutrient-poor substrate they grew less roots in 12-cm-cell than in 48-cm-

cell mesocosms (Fig. 3-4). This cell size × substrate type interaction seems to have 

caused the convergence of the root biomass in nutrient-rich and in nutrient-poor soil 

towards cell size 48 cm in Fig. 3-3b. The layer × substrate type interaction is visible 

in Fig. 3-4 as more slowly decreasing root biomass with depth in nutrient-rich than 

in nutrient-poor substrate (compare right with left profile in layers 2-3-4). This is in 

line with expected deeper root growth when the top soil consists of nutrient-poor 

substrate. 
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Figure 3-4 Mean ± SE of root biomass at layer scale, separated into nutrient-poor (white, 

left) and nutrient-rich (black, right) substrate (a) and fraction ± SE of the total root biomass 

in each layer that occurs in nutrient-rich cells (b), both as a function of cell size. In (a) the 

full mixture of nutrient-rich and nutrient-poor substrate (cell size 0 cm) is indicated in grey 

Table 3-5 Effects of cell size, substrate type, soil layer and their interactions in GLMMs of 

root biomass measured in mesocosms with cell size 12, 24 and 48 cm. F-values, P-values 

and degrees of freedom (dfbetween-groups, dfwithin-groups) are given, with significant results (P < 

0.05) in bold. Nonsignificant factors were removed stepwise from the final model 

Source Root biomass 

df F P 

Cell size 2, 117 2.278 0.107 

Substrate type 1, 118 41.784 < 0.001 

Layer 3, 116 113.123 < 0.001 

Cell size × Substrate type 2, 114 12.309 < 0.001 
Layer × Substrate type 3, 112 6.883 < 0.001 
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Figure 3-5 Mean ± SE of root biomass in soil columns with nutrient-rich substrate (black) 

in the top layer and nutrient-poor (white) substrate in the top layer, in mesocosms with cell 

size 12 and 24 cm (a); and coefficient of variation (CV) of root biomass among substrates 

and layers as a function of varying cell size (b). The grey CV symbol at 48 cm represents the 

average of the measurements on nutrient-rich (black symbol) and nutrient-poor (white 

symbol) mesocosms 

In the second analysis at layer scale, on mesocosms with cell size 0 cm, layer 

significantly affected root biomass (P < 0.001). More roots were found in the top 

layer than in the three layers below. In the third analysis, neither cell size (P = 0.131) 

nor substrate type of the top layer (P = 0.516) or their interaction (P = 0.445) 

influenced the root biomass of a column in mesocosms with cell size 12 and 24 cm 

(Fig. 3-5a). In the fourth analysis, conversely to the lack of effect at mesocosm scale, 

both cell size and layer affected the fraction of total root biomass present in 

nutrient-rich patches. This fraction was higher in mesocosms with smaller cells (P < 

0.001) and higher in deeper layers (P = 0.004) (Fig. 3-4b).  

Finally, the coefficient of variation of the root biomass of all samples across 

substrate types and layers in a mesocosm was not affected by cell size (P = 0.642, 

Fig. 3-5b). 

3.4 Discussion 

Our first hypothesis stated that plants growing on nutrient-poor substrate can 

explore nutrients from neighbouring or deeper nutrient-rich substrate more easily 

when soil heterogeneity is high, i.e. when cell size is small. Such easier access to 

nearby resources allows these plants to invest relatively less in roots and thus have 

lower root/shoot ratios, compared with lower heterogeneity. This was partly 

supported by our findings at mesocosm level of marginally higher R/S, significantly 

lower shoot biomass, and similar root biomass at cell size 48 cm relative to the 

smaller cell sizes, as well as by our finding at layer scale that the fraction of the 
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total root biomass occurring in nutrient-rich patches declined with increasing cell 

size. Apparently, roots that were forced to forage more than on average 12 cm 

towards a patch of nutrient-rich substrate (actually between 0 and 24 cm, which is 

the distance to the next nutrient-rich patch at cell size 24) exceeded a cost/benefit 

threshold, above which shoot biomass can no longer be maintained with the same 

amount of roots (Fitter 1994). This corresponds to studies on root foraging that 

found negative relationships between individual biomass and distance to a nutrient 

patch (Maestre and Reynolds 2006b). Further studies may investigate whether this 

acts as a selective force, driving the species composition towards species that can 

forage further when heterogeneity is lower. Note, however, that the lack of 

difference in biomass at mesocosm level between cell sizes 0, 12 and 24 can be 

explained by another mechanism, notably that, towards smaller cell size, reduced 

root biomass in nutrient-poor substrate was compensated by increased root biomass 

in nutrient-rich substrate (cf. Fig. 3-3b). This increase may originate from invading 

roots of neighbouring plants growing in nutrient-poor substrate, but also from 

stimulated root growth in the plants growing in rich substrate themselves owing to 

more intense root competition with these invading roots. 

The easier ingrowth of roots from plants established on nutrient-poor substrate into 

nearby nutrient-rich substrate when soil heterogeneity is higher, as conjectured 

under the first hypothesis, would also lead to more divergent root biomass between 

nutrient-poor and nutrient-rich cells, and thus a more heterogeneous root biomass 

distribution. Yet, there was no significant effect of cell size on the CV of root 

biomass at mesocosm scale. Possibly, the effect was not properly picked up with 

our proxy for the real CV, as we pooled the individual root samples (subcubes) by 

substrate in each layer. However, as mentioned above, Fig. 3-3b does provide 

support for a more heterogeneous root distribution at higher levels of soil 

heterogeneity, since the nearly equal root biomass of nutrient-poor and nutrient-rich 

substrate observed at cell size 48 cm diverged at smaller cell sizes, which is further 

confirmed by the layer analysis of Table 3-5 and Fig. 3-4. Coupling of soil and root 

heterogeneity results in a more efficient nutrient acquisition when a fixed amount of 

nutrients is spatially clumped, as plants tend to grow roots in favourable patches 

(Jackson and Caldwell 1996; Maestre et al. 2005). The current study demonstrates 

that this coupling occurs in multi-species communities growing across a gradient of 

soil heterogeneity applied in all directions. 

Our second hypothesis was that plants growing on nutrient-poor cells in the top 

layer have to invest more root biomass to acquire the same amount of resources 

than plants growing on nutrient-rich cells in the top layer. This required greater 

investment should diminish as cells get smaller, causing differences in total root 



CHAPTER 3 ROOT DISTRIBUTION 

68 

 

biomass between adjacent soil columns to fade. At the higher heterogeneity level of 

cell size 12, the root biomass in the whole soil column was indeed similar for 

nutrient-rich and nutrient-poor on top, indicating that 12 cm of poor soil in the top 

layer could be overcome without substantial additional investment in roots. 

Surprisingly, the root biomass of nutrient-rich and nutrient-poor on top were also 

similar at cell size 24 cm, where roots had to grow to a depth of 24 cm to find more 

resources. One mechanism could be that a greater allocation to roots reduced the 

plants’ overall productivity, counterbalancing the initial increase of root biomass 

associated with this greater root allocation (Drew 1975). However, Fig. 3-3a does 

not support this as shoot biomass was not lower on 24-cm than on 12-cm nutrient-

poor patches. Likewise, Maestre and Reynolds (2006a) reported no significant 

difference in total root biomass when a nutrient patch was located in the lower or in 

the upper half of mesocosms. Most likely, plant roots also proliferate further down 

even with nutrient-rich patches on top, and to the same extent at cell size 12 and 24, 

equalizing the root biomass in the different column types and cell sizes. Based on 

these findings, soil heterogeneity does not seem to increase total root productivity 

through the vertical alternation of favourable and unfavourable substrate. 

Plants integrate local cues and systemic signals to adjust root and whole-plant 

growth (De Kroon et al. 2009; Rellán-Álvarez et al. 2016; Xuan et al. 2017). In 

early experiments with split-root designs (Drew et al. 1973; Drew 1975), lateral root 

growth was promoted in local nutrient-rich patches. Later research revealed that 

systemic signals can override such effects of local cues (Zhang and Forde 1998; 

Zhang et al. 1999; Forde 2002). In the current experiment, the systemic signal in the 

four levels of soil heterogeneity can be considered identical since these levels 

contained the same total amount of nutrients. Hence, the differences among them 

were caused by the scale of the local cue, i.e. cell size. To our knowledge, scale 

effects on the local cue have so far only been examined in 2D (Wijesinghe and 

Hutchings 1999; Einsmann et al. 1999). Opposite to our experiment, Wijesinghe 

and Hutchings (1999) measured more root biomass in a clonal herb in large-patch 

than in small-patch mesocosms, while shoot biomass was not affected. Einsmann et 

al. (1999) observed positive effects of the spatial distribution of nutrients on whole-

plant biomass in some species, but no effect in others (the species were grown 

separately). We conclude that, compared at constant systemic signal, plant biomass 

responds to the scale of the local cue. The different findings between our 

experiment and previous studies may originate from the different dimensions of soil 

heterogeneity (i.e. 3D vs. 2D), but also from the different composition (i.e. mixed 

community vs. single species). 
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To our knowledge, we present the first study to explore community root distribution 

in soil that is heterogeneous in three dimensions. Analogous to previous studies on 

soil heterogeneity that endeavoured greater realism and explanatory power, we 

added a large number of species by means of a uniform seed rain and compared 

multiple levels of heterogeneous nutrient supply (Wijesinghe et al. 2005; Gazol et al. 

2013). Despite the complexity of the combined 3D and community-scale design, 

clear and explicable patterns emerged, demonstrating that more realism in soil 

heterogeneity research is possible without loss of explanatory power. Yet, we 

recognize that our study was limited to detecting general patterns of the root 

distribution, as the large number of species and the complex soil system (3D) do not 

allow for the separation of species by morphological traits (Wijesinghe et al. 2005), 

unlike heterogeneity studies with few species (Janeček et al 2004; Mommer et al 

2012; Robinson et al 1999). The behaviour of individual species under both soil 

heterogeneity and competition has been explored in a limited number of – albeit 

small-scale – studies, suggesting that species-specific root distributions are not only 

determined by soil heterogeneity but also by competition in a nonadditive way 

(Cahill et al. 2010; Mommer et al 2010; Mommer et al. 2012; Padilla et al. 2013). 

The capacity to proliferate roots into small yet favourable patches may confer a 

competitive advantage, changing the relative competitive ability of individual 

species and consequently further intensifying competition in these nutrient-rich cells 

(Robinson 1994; Robinson et al. 1999; Fransen et al. 1998, 2001; Day et al. 2003; 

Janeček et al 2004). Conversely, more intense competition in nutrient-rich patches 

may result in preferential avoidance of these locations by other species through the 

selective growth of roots in the competitor-free nutrient-poor patches (Mommer et 

al. 2012). Future research may therefore focus on how different functional types, or 

separate species, perform belowground within diverse communities growing in soils 

where heterogeneity is varied in three dimensions. Two techniques can be used to 

further explore their performance (Cahill and McNickle 2011). On the one hand, 

molecular-based essays are able to quantify the relative contribution of different 

species to root biomass, either after collection of root samples (Mommer et al. 2008; 

Mommer et al. 2010), or directly in the soil (Haling et al. 2011). On the other hand, 

the addition of an isotopic tracer to a predetermined layer and/or substrate type, 

either by injection in shallow soil systems (Reynolds et al. 1997; Mommer et al. 

2012) or through the addition of isotopically enriched organic matter during the 

mesocosm construction process (Maestre et al. 2005), has already proven useful in 

elucidating root responses to two-dimensional heterogeneity in a competitive 

environment. 
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3.5 Conclusion 

Plant roots easily access to adjacent resource-rich cells at higher soil heterogeneity, 

resulting in more root biomass in resource-rich cells than in resource-poor cells, and 

also in a higher heterogeneous root distribution pattern at higher soil heterogeneity. 

This study suggests that more realistic three-dimensional design improves our 

understanding of root distribution in soil heterogeneity. 

Acknowledgements We acknowledge Eddy De Smet, Eleni Meers, Evelyne Elst, 

Joanna Horemans, Marc Wellens, Niels Van Putte, Sigi Berwaers and Toon 

Ramsdonck for field assistance. We thank the two reviewers for their valuable 

suggestions and comments. This research was supported by Research Foundation – 

Flanders (FWO) (G.0490.16 N). Yongjie Liu holds a research grant from the China 

Scholarship Council (CSC). 



CHAPTER 3 ROOT DISTRIBUTION 

71 

 

References 

Burns JH, Brandt AJ, Murphy JE, Kaczowka AM, Burke DJ (2017) Spatial 

heterogeneity of plant–soil feedbacks increases per capita reproductive biomass of 

species at an establishment disadvantage. Oecologia 183:1077-1086  

Cahill JF, McNickle GG (2011) The behavioral ecology of nutrient foraging by 

plants. Annual Review of Ecology, Evolution, and Systematics 42:289-311 

Cahill JF, McNickle GG, Haag JJ, Lamb EG, Nyanumba SM, Clair CCS (2010) 

Plants integrate information about nutrients and neighbors. Science 328:1657 

Caldwell MM (1994) Exploiting nutrients in fertile soil microsites. In: MM 

Caldwell, RM Pearcy (Eds.) Exploitation of Environmental Heterogeneity by Plants. 

Academic Press, San Diego, pp 325-347 

Campbell BD, Grime JP, Mackey JML (1991) A trade-off between scale and 

precision in resource foraging. Oecologia 87:532-538 

Casper BB, Jackson RB (1997) Plant competition underground. Annual Review of 

Ecology and Systematics 28:545-570 

Day KJ, John EA, Hutchings MJ (2003) The effects of spatially heterogeneous 

nutrient supply on yield, intensity of competition and root placement patterns in 

Briza media and Festuca ovina. Functional Ecology 17:454-463 

De Boeck HJ, Vicca S, Roy J, Nijs, I, Milcu A, Kreyling J, Jentsch A, Chabbi A, 

Campioli M, Callaghan T, Beierkuhnlein C, Beier C (2015) Global change 

experiments: challenges and opportunities. BioScience 65:922-931 

De Kroon H, Visser EJW, Huber H, Mommer L. Hutchings MJ (2009) A modular 

concept of plant foraging behaviour: the interplay between local responses and 

systemic control. Plant, cell and Environment 32:704-712 

Drew MC, Saker LR, Ashley TW (1973) Nutrient supply and the growth of the 

seminal root system in barley. I. The effect of nitrate concentration on the growth of 

axis and laterals. Journal of Experimental Botany 24:1189-1202 

Drew MC (1975) Comparison of the effects of a localised supply of phosphate, 

nitrate, ammonium and potassium on the growth of the seminal root system, and the 

shoot, in barley. New Phytologist 75:479-490 



CHAPTER 3 ROOT DISTRIBUTION 

72 

 

Einsmann JC, Jones RH, Pu M, Mitchell AJ (1999) Nutrient foraging traits in 10 co-

occurring plant species of contrasting life forms. Journal of Ecology 87:609-619 

Ellenberg H, Webber HE, Düll R, Wirth V, Werner W, Paulissen D (1991) 

Zeigerwerte von Pflanzen in Mitteleuropa. Scripta Geobotanica 18:1-248 

Farley RA, Fitter AH (1999) Temporal and spatial variation in soil resources in a 

deciduous woodland. Journal of Ecology 87:688-696 

Fitter AH (1994) Architecture and biomass allocation as components of the plastic 

response of root systems to soil heterogeneity. In: MM Caldwell, RM Pearcy (Eds.) 

Exploitation of Environmental Heterogeneity by Plants. Academic Press, San Diego, 

pp 305-323 

Fitter AH, Hodge A, Robinson D (2000) Plant response to patchy soils. In: MJ 

Hutchings, EA John, AJA Stewart (Eds.) The Ecological Consequences of 

Environmental Heterogeneity. Blackwell Science, Oxford, pp 71-90 

Forde BG (2002) Local and long-range signaling pathways regulating plant 

responses to nitrate. Annual Review of Plant Biology 53:203-224 

Fransen B, De Kroon H, Berendse F (1998) Root morphological plasticity and 

nutrient acquisition of perennial grass species from habitats of different nutrient 

availability. Oecologia 115:351-358 

Fransen B, De Kroon H, Berendse F (2001) Soil nutrient heterogeneity alters 

competition between two perennial grass species. Ecology 82:2534-2546 

García-Palacios P; Maestre FT, Gallardo A (2011) Soil nutrient heterogeneity 

modulates ecosystem responses to changes in the identity and richness of plant 

functional groups. Journal of Ecology 99:551-562 

García-Palacios P, Maestre FT, Bardgett RD, De Kroon H (2012) Plant responses to 

soil heterogeneity and global environmental change. Journal of Ecology 100:1303-

1314 

Gazol A, Tamme R, Price JN, Hiiesalu I, Laanisto L, Pärtel M (2013) A negative 

heterogeneity–diversity relationship found in experimental grassland communities. 

Oecologia 173:545-555 

 



CHAPTER 3 ROOT DISTRIBUTION 

73 

 

Haling RE, Simpson RJ, McKay AC, Hartley D, Lambers H, Ophel-Keller K, 

Wiebkin S, Herdina, Riley IT, Richardson AE (2011) Direct measurement of roots 

in soil for single and mixed species using a quantitative DNA-based method. Plant 

and soil 348:123-137 

Hendriks M, Visser EJW, Visschers IGS, Arts BHJ, De Caluwe H, Smit-Tiekstra 

AE, Van der Putten WH, De Kroon H, Mommer L (2015) Root responses of 

grassland species to spatial heterogeneity of plant-soil feedback. Functional 

Ecology 29:177-186 

Hodge A, Robinson D, Griffiths BS, Fitter AH (1999) Why plants bother: root 

proliferation results in increased nitrogen capture from an organic patch when two 

grasses compete. Plant, Cell and Environment 22:811-820 

Huber-Sannwald E, Jackson RB (2001) Heterogeneous soil-resource distribution 

and plant responses – from individual-plant growth to ecosystem functioning. 

Progress in Botany 62:451-476 

Hutchings MJ, John EA, Wijesinghe DK (2003) Toward understanding the 

consequences of soil heterogeneity for plant populations and communities. Ecology 

84:2322-2334 

Hutchings MJ, John EA (2004) The effects of environmental heterogeneity on root 

growth and root/shoot partitioning. Annals of Botany 94:1-8 

IBM Corp. (2015). IBM SPSS statistics for windows (version 23.0). Armonk, NY: 

IBM. 

Jackson RB, Caldwell MM (1993) The scale of nutrient heterogeneity around 

individual plants and its quantification with geostatistics. Ecology 74:612-614 

Jackson RB, Caldwell MM (1996) Integrating resource heterogeneity and plant 

plasticity: Modelling nitrate and phosphate uptake in a patchy soil environment. 

Journal of Ecology 84:891-903 

Janeček S, Janečková P, Lepš J (2004) Influence of soil heterogeneity and 

competition on growth features of three meadow species. Flora 199:3-11 

Janssens F, Peeters A, Tallowin JRB, Bakker JP, Bekker RM, Fillat F, Oomes MJM 

(1998) Relationship between soil chemical factors and grassland diversity. Plant and 

Soil 202:69-78 



CHAPTER 3 ROOT DISTRIBUTION 

74 

 

Kleb HR, Wilson SD (1997) Vegetation effects on soil resource heterogeneity in 

prairie and forest. American Naturalist 150:283-298 

Liu Y, De Boeck HJ, Wellens MJ, Nijs I (2017) A simple method to vary soil 

heterogeneity in three dimensions in experimental mesocosms. Ecological Research 

32:287-295 

Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, Hector A, Hooper DU, 

Huston MA, Raffaelli D, Schmid B, Tilman D, Wardle DA (2001) Biodiversity and 

ecosystem functioning: current knowledge and future challenges. Science 294:804-

808 

Maestre FT, Bradford MA, Reynolds JF (2005). Soil nutrient heterogeneity interacts 

with elevated CO2 and nutrient availability to determine species and assemblage 

responses in a model grassland community. New Phytologist 168:637-650 

Maestre FT, Bradford MA, Reynolds JF (2006) Soil heterogeneity and community 

composition jointly influence grassland biomass. Journal of Vegetation Science 

17:261-270 

Maestre FT, Reynolds JF (2006a) Small-scale spatial heterogeneity in the vertical 

distribution of soil nutrients has limited effects on the growth and development of 

Prosopis glandulosa seedlings. Plant Ecology 183:65-75 

Maestre FT, Reynolds JF (2006b) Nutrient availability and atmospheric CO2 partial 

pressure modulate the effects of nutrient heterogeneity on the size structure of 

populations in grassland species. Annals of Botany 98:227-235 

Maestre FT, Reynolds JF (2007) Amount or pattern? Grassland responses to the 

heterogeneity and availability of two key resources. Ecology 88:501-511 

Mommer L, Van Ruijven J, De Caluwe H, Smit-Tiekstra AE, Wagemaker CAM, 

Joop Ouborg N, Bögemann GM, Van der Weerden GM, Berendse F, De Kroon H 

(2010) Unveiling below‐ground species abundance in a biodiversity experiment: a 

test of vertical niche differentiation among grassland species. Journal of Ecology 

98:1117-1127 

Mommer L, van Ruijven J, Jansen C, Van de Steeg HM, De Kroon H (2012) 

Interactive effects of nutrient heterogeneity and competition: implications of root 

foraging theory? Functional Ecology 26:66-73 



CHAPTER 3 ROOT DISTRIBUTION 

75 

 

Mommer L, Wagemaker CAM, De Kroon H, Ouborg NJ (2008) Unravelling below-

ground plant distributions: a real‐ time polymerase chain reaction method for 

quantifying species proportions in mixed root samples. Molecular Ecology 

Resources 8:947-953 

Padilla FM, Mommer L, De Caluwe H, Smit-Tiekstra AE, Wagemaker CAM, 

Ouborg NJ, De Kroon H (2013) Early root overproduction not triggered by nutrients 

decisive for competitive success belowground. PLoS One 8:e55805 

Price JN, Gazol A, Tamme R, Hiiesalu I, Pärtel M (2014) The functional assembly 

of experimental grasslands in relation to fertility and resource heterogeneity. 

Functional Ecology 28:509-519 

Questad EJ, Foster BL (2008) Coexistence through spatio-temporal heterogeneity 

and species sorting in grassland plant communities. Ecology Letters 11:717-726 

Ravenek JM, Mommer L, Visser EJW, Van Ruijven J, Van der Paauw JW, Smit-

Tiekstra A,  De Caluwe H, de Kroon H (2016) Linking root traits and competitive 

success in grassland species. Plant and Soil 407:39-53 

Rellán-Álvarez R, Guillaume Lobet G, Dinneny JR (2016) Environmental control 

of root system biology. Annual Reviews Plant Biology 67:619-642 

Reynolds HL, Hungate BA, Chapin FS, D’Antonio CM (1997) Soil heterogeneity 

and plant competition in anannual grassland. Ecology 78:2076-2090 

Robinson D (1994) The responses of plants to non-uniform supplies of nutrients. 

New Phytologist 127:635-674 

Robinson D, Hodge A, Griffiths BS, Fitter AH (1999) Plant root proliferation in 

nitrogen–rich patches confers competitive advantage. Proceedings of the Royal 

Society B: Biological Sciences 266:431-435 

Šmilauerová M (2001) Plant root response to heterogeneity of soil resources: effects 

of nutrient patches, AM symbiosis, and species composition. Folia Geobotanica 

36:337-351 

Stark JM (1994) Causes of soil nutrient heterogeneity at different scales. In: MM 

Caldwell, RM Pearcy (Eds.) Exploitation of Environmental Heterogeneity by Plants. 

Academic Press, San Diego, pp 255-284 



CHAPTER 3 ROOT DISTRIBUTION 

76 

 

Wijesinghe DK, John EA, Beurskens S, Hutchings MJ (2001) Root system size and 

precision in nutrient foraging: responses to spatial pattern of nutrient supply in six 

herbaceous species. Journal of Ecology 89:972-983 

Wijesinghe DK, Hutchings MJ (1999) The effects of environmental heterogeneity 

on the performance of Glechoma hederacea: the interactions between patch contrast 

and patch scale. Journal of Ecology 87:860-872 

Wijesinghe DK, John EA, Hutchings MJ (2005) Does pattern of soil resource 

heterogeneity determine plant community structure? An experimental investigation. 

Journal of Ecology 93:99-112 

Williams BM, Houseman GR (2014) Experimental evidence that soil heterogeneity 

enhances plant diversity during community assembly. Journal of Plant Ecology 

7:461-469 

Xuan W, Beeckman T, Xu G (2017) Plant nitrogen nutrition: sensing and signalling. 

Current Opinion in Plant Biology 39:57-65 

Zhang H, Forde BG (1998) An Arabidopsis MADS box gene that controls nutrient-

induced changes in root architecture. Science 279:407-409 

Zhang H, Jennings A, Barlow PW, Forde BG (1999) Dual pathways for regulation 

of root branching by nitrate. Proceedings of the National Academy of Sciences 

96:6529-6534 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 ROOT DISTRIBUTION 

77 

 

Appendix 3-1 Species composition (shoot biomass proportion) in mesocosms with cell size 0 

cm (a), cell size 12 cm (b-c), cell size 24 cm (d-e) and cell size 48 cm (f-g), separated into 

nutrient-poor (white) and nutrient-rich (black) substrates. Mesocosms with cell size 0 cm in 

grey 
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CHAPTER 4 UNIMODAL RELATIONSHIP BETWEEN THREE-

DIMENSIONAL SOIL HETEROGENEITY AND PLANT SPECIES 

DIVERSITY IN EXPERIMENTAL MESOCOSMS 

Liu Y, De Boeck HJ, Li Z, Nijs I 

 

Abstract: Soil heterogeneity is a primary mechanism explaining plant species diversity. Yet, 

controlled experiments yield inconsistent soil heterogeneity-diversity (SHD) relationships, 

ranging from positive, neutral to negative. Comparison of results is hampered by the lack of 

a standard method to manipulate soil heterogeneity, and by including species which 

themselves can alter experimentally imposed soil heterogeneity levels such as atmospheric 

nitrogen fixers or clonal species. Here we investigated the SHD relationship with a novel 

technique where soil heterogeneity is varied experimentally by alternating nutrient-rich and 

nutrient-poor substrate in three dimensions, whilst excluding species that may blur response 

patterns. We created four levels of soil heterogeneity in mesocosms with cell sizes 0, 12, 24 

and 48 cm. The same seed mixture of 24 grassland species, covering a broad range of 

Ellenberg’s indicator values for nitrogen, was randomly sown in all mesocosms in spring. In 

late summer, we measured light transmission, plant species abundance (density) and 

community biomass, and calculated indices of spatial light variation, species diversity and 

species similarity. Contrary to earlier experimental findings, the three-dimensional approach 

yielded a unimodal SHD relationship, with a peak at cell size 12 cm originating mainly from 

increased plant diversity on nutrient-rich patches. Possibly, this unimodal pattern is caused 

by lack of sufficient resources to support high diversity on very small nutrient-rich patches, 

and strong competitive exclusion within large nutrient-rich patches. Strikingly, plant density 

increased monotonically with increasing soil heterogeneity, indicating that, at least up to 12 

cm, not only more species but also more individuals could coexist in mesocosms with 

smaller cell size. This study provides experimental evidence for unimodal SHD curves in 

plant communities, which has hitherto only been predicted by models. Our results carry a 

striking similarity with other unimodal response patterns of plant species diversity, notably 

in diversity–disturbance and diversity–productivity relationships. Since the SHD peak was 

situated at small cell size (12 cm), improved understanding may be inferred from future 

research at the very small scale.  

Submitted 
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4.1 Introduction 

Spatial heterogeneity is likely to be an ultimate driver of plant species diversity 

(Tilman 1982, 1988; Tilman and Pacala 1993). However, the nature of the soil 

heterogeneity-diversity (SHD) relationship is not consistent across studies, and 

several theories have been put forward to explain the underlying mechanisms. The 

classical one is niche theory, which assumes that heterogeneous environments offer 

more niches than homogeneous environments, thus allowing more species to coexist 

(Tilman and Pacala 1993; Rosenzweig 1995; Williams and Houseman 2014). 

Positive SHD’s in line with this theory were indeed found in several experimental 

studies (e.g. Richardson et al. 2012; Williams and Houseman 2014). In contrast, 

other experiments and theoretical models have found negative or unimodal SHD 

relationships (e.g. Kadmon and Allouche 2007; Allouche et al. 2012; Gazol et al. 

2013). This decreasing pattern was attributed to rapid depletion of resource-rich 

patches in heterogeneous soils by species with good foraging abilities, thus 

suppressing other species through asymmetric root competition (Hutchings et al. 

2003; Wijesinghe et al. 2005). The easy access to patchily distributed soil resources 

would in turn also enhance shoot biomass, further suppressing competitors through 

asymmetric competition for light (Hautier et al. 2009; Lamb et al. 2009; DeMalach 

et al. 2017). Sometimes, neutral SHD relationships are found. In the experiment of 

Reynolds et al. (2007), this was attributed to clonal species obscuring the effect of 

soil heterogeneity on plant diversity (De Kroon and Bobbink 1997; Eilts et al. 2011; 

Baer et al. 2015). However, to our knowledge, no experimental study 

simultaneously tested many possible mechanisms, which hampers assessing their 

relative importance. 

Investigating the SHD relationship in nature is complex because soil heterogeneity 

has a qualitative component (texture, nutrients, moisture, pH, etc.) and a 

configurational component (the size and distribution of patches) (Kelly and Canham 

1992; Maestre and Cortina 2002; Dufour et al. 2006), and both these components 

vary in space and time (Tilman and Pacala 1993; Maestre et al. 2006; Maestre and 

Reynolds 2006). Experimental manipulation of soil heterogeneity, on the other hand, 

may bring more control and repeatability, but suffers from the lack of a standard 

method to vary soil heterogeneity. Some experimental studies have injected 

nutrients or spread fertilizer in a clumped pattern (Richardson et al. 2012), but doing 

so may not lead to stable patch sizes. Others have spatially redistributed soil from 

different layers at the same location, or soil from different locations (García-

Palacios et al. 2011; Wubs and Bezemer 2016; 2017). While this may bring more 

realism, legacies from previous plant-soil feedback can confound current plant 

responses to soil heterogeneity (Brandt et al. 2013). Moreover, the studies that 
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experimentally explored effects on plant species diversity have varied soil 

heterogeneity in two dimensions, yet soils are heterogeneous in three dimensions 

(Stewart et al. 2000). Finally, differences in species composition may explain some 

of the contrasting SHD findings, as in the aforementioned case of clonal species, or 

when N-fixing species change the original soil heterogeneity through local N-

fixation. 

Here we explore the SHD relationship with a mesocosm experiment where soil 

heterogeneity is systematically varied in three dimensions using a recently 

developed technique (Fig.4-1a, Liu et al. 2017a), whilst excluding species that may 

significantly alter soil heterogeneity or blur response patterns such as N-fixing and 

clonal species (García-Palacios et al. 2012; Tamme et al. 2016). To allow different 

species to thrive and coexist on different substrates, as would be the case in nature, 

we apply the same seed rain to all mesocosms. Compared with the existing 

literature, novel potential mechanisms are put forward as well as mechanisms 

proposed earlier. Our hypotheses are: (1) Species diversity is higher in mesocosms 

with higher soil heterogeneity (smaller cell size), because there are more edges 

between resource-rich and resource-poor patches (Fig. 4-1b). Since resource-rich 

patches yield high biomass and thus low light intensity, and resource-poor patches 

yield low biomass and thus high light intensity, this greater amount of edges creates 

greater spatial variation in light intensity than in mesocosms with lower soil 

heterogeneity, and thus more light niches. (2) Alternatively, species diversity 

declines towards higher soil heterogeneity because slow growing species are 

eliminated by species with better foraging abilities (often fast growers, Fransen et al. 

1999; Kembel and Cahill 2005) that can better exploit the more dispersed soil 

resources when cell size is smaller (Fig. 4-1c). (3) With increasing soil 

heterogeneity, root access of plants growing on nutrient-poor patches to 

neighbouring nutrient-rich patches is improved by the shorter distance, stimulating 

productivity. This increases light competition on the poor patches and thus reduces 

species diversity there (Fig. 4-1d-f). In contrast, communities growing on nutrient-

rich patches become less productive with increasing heterogeneity because 

resources are then more easily withdrawn by neighbouring species on nutrient-poor 

patches at closer distance. This decreases light competition on the nutrient-rich 

patches and thus increases species diversity there. The balance of these changes on 

the two substrates will determine the species diversity response to heterogeneity at 

mesocosm scale (note that this is the case for all hypotheses). 
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Figure 4-1 (a) Three-dimensional view of the mesocosms with the two substrates used in the 

experiment, where black and white colour indicates nutrient-rich and nutrient-poor 

substrate, respectively. Configurational heterogeneity decreases from left to right, from fine 

(small cells) to coarse (large cells) distribution of resources. The cell size of the full mixture 

of the two substrates on the left can be considered as approximately zero. (b) Predicted 

pattern of the coefficient of variation of light transmission [CV(TPAR)] and plant species 

diversity at mesocosm scale along increasing soil heterogeneity (decreasing cell size), under 

Hypothesis 1. (c) Predicted pattern of the species diversity of high N and low N species at 

mesocosm scale along increasing soil heterogeneity (decreasing cell size), under Hypothesis 

2. (d,e,f) Predicted pattern of biomass, light transmission (TPAR) and species diversity within 

nutrient-rich and nutrient-poor patches along increasing soil heterogeneity (decreasing cell 

size), under Hypothesis 3 

4.2 Materials and Methods 

EXPERIMENTAL DESIGN 

As details of the experimental site and design are described in Liu et al. (2017b), 

who studied root responses of plant communities to soil heterogeneity in the same 

model ecosystems, we give a succinct description here. The experiment was 

conducted in Belgium at the University of Antwerp in Wilrijk (51°09´41″N, 

04°24´29″E), which is characterised by mild winters and cool summers, with 

average annual air temperature 10.6 °C and rainfall 832 mm, equally distributed 

throughout the year (Royal Meteorological Institute of Belgium). In spring 2015 we 

established four levels of three-dimensional soil heterogeneity in cubic mesocosms 

of the same size (48 cm × 48 cm × 48 cm), by varying the cell size within these 

mesocosms from 0 to 12, 24 and 48 cm (Fig. 4-1a). The cells were filled with 

nutrient-rich and nutrient-poor substrate, created by thoroughly mixing potting soil 

and sand in a 4:1 and a 1:4 ratio, respectively, in a cement mixer. Nutrients were the 
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main difference between these two substrates, since soil water in the experiment 

was kept optimal. Each level of soil heterogeneity was constructed with the same 

amounts of the two substrates, so that only configurational heterogeneity was varied 

(via cell size) and qualitative heterogeneity was kept constant (see method in Liu et 

al. 2017a). Mesocosms with cell size 48 cm were filled with either nutrient-rich or 

nutrient-poor substrate; mesocosms with cell size 24 and 12 cm were filled with 

nutrient-rich and nutrient-poor substrate alternating in all directions; mesocosms 

with cell size 0 cm were filled with a perfect mixture of the two substrates, i.e. with 

both of them alternating at very short distance. We consider soil heterogeneity in 

the perspective of Liu et al. (2017a, b), assuming it increases monotonically with 

decreasing cell size. This implies that the perfect mixture has the highest 

heterogeneity, even if it looks visually homogeneous (see arguments in the 

aforementioned references). Some earlier studies have considered the perfect 

mixture as homogeneous, but this assumption does not yield a systematic 

relationship between heterogeneity and cell size because the lowest heterogeneity 

level would then occur at both ends of the cell size scale.  

We replicated the mesocosms with cell sizes 0, 12 and 24 cm five times, and the 

mesocosms with cell size 48 cm ten times, five with nutrient-rich and five with 

nutrient-poor substrate because they jointly constitute the mesocosm-scale response 

at 48 cm (they were lumped in mesocosm-scale analyses), but also to know the 

separate effects of both substrates. The mesocosms were contained in wooden boxes 

with drainage holes in the bottom. Liu et al. (2017a) provide further details on the 

technique to create soil heterogeneity in three dimensions. 

The same seed rain was applied to all mesocosms, consisting of 24 species that 

naturally occur in grasslands in Belgium. This seed mixture covered a broad range 

of Ellenberg’s Indicator Nitrogen Values (Ellenberg et al. 1991), in order to allow 

potentially different communities to develop on nutrient-poor and nutrient-rich 

patches, as could be expected in nature. The species were classified in two types, i.e. 

low N (Ellenberg 1-4) and high N (Ellenberg 6-8), with each type being represented 

by 12 species (Table 4-1). Low N and high N species tend to be slow growing and 

fast growing, respectively (Grime 1977; Chapin 1980; Franzaring et al. 2007). 

Seeds were obtained from commercial suppliers (Herbiseed, Reading, UK and 

Cruydt-Hoeck, Nijeberkoop, The Netherlands). We tested the germination rates and 

emergence times of these seeds three weeks before the start of experiment, and took 

them into account when composing the seed rain to have equal representation and 

germination timing of all species (only germination rate needed to be corrected). On 

19 May 2015, each mesocosm received a uniform seed rain of 423 mixed seeds, 

sown randomly on the surface and covered with a few mm of the relevant substrate 
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(i.e. nutrient-poor substrate on nutrient-poor cells and vice versa). Mesocosms were 

kept moist to ensure optimal germination and establishment; later on, water was 

added at the prevailing frequency of rainfall events in the region (every two days) 

where natural rainfall fell short. Fungicide was added twice, one at the end of June 

and once one week later. Weeds were regularly removed. 

Table 4-1 Plant species used in this experiment and their Ellenberg’s indicator values for 

nitrogen and light 

Species Family Type Nitrogen Light 

Achillea ptarmica L. Asteraceae 1 2 9 

Agrostis capillaris L. Poaceae 1 4 7 

Berteroa incana (L.) DC. Brassicaceae 1 4 9 

Briza media L. Poaceae 1 2 8 

Festuca ovina L. Poaceae 1 1 7 

Hypericum perforatum L. Hypericaceae 1 4 7 

Koeleria macrantha (Ledeb.) 

Schult. 

Poaceae 1 2 7 

Leucanthemum vulgare Lam. Asteraceae 1 3 7 

Nardus stricta L. Poaceae 1 2 8 

Poa compressa L. Poaceae 1 3 9 

Rumex acetosella L. Polygonaceae 1 2 8 

Vulpia myuros (L.) C.C.Gmel Poaceae 1 1 8 

Species Family Type Nitrogen Light 

Brachypodium sylvaticum 

(Huds.) Beauv. 

Poaceae 2 6 3 

Dactylis glomerata L. Poaceae 2 6 7 

Epilobium hirsutum L. Onagraceae 2 8 7 

Festuca gigantea (L.) Vill. Poaceae 2 6 4 

Festuca pratensis Huds. Poaceae 2 6 8 

Geranium robertianum L. Geraniaceae 2 7 5 

Lolium perenne L. Poaceae 2 7 8 

Nepeta cataria L. Lamiaceae 2 7 8 

Poa pratensis L. Poaceae 2 6 6 

Poa trivialis L. Poaceae 2 7 6 

Silene dioica (L.) Clairv. Caryophyllaceae 2 8 - 

Taraxacum officinale F.H.Wigg Asteraceae 2 8 7 

 

MEASUREMENTS AND CALCULATIONS 

To assess the light environment of the plants, the horizontal distribution of 

photosynthetically active radiation (PAR) was measured with a custom-made 

miniature sensor in each mesocosm 5 cm above the soil surface, at every 2 cm along 
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two parallel lines placed at respectively 18 and 30 cm from the edge of the wooden 

box (Appendix 4-1). These PARbelow canopy measurements were made on a cloudy day 

(1 September 2015) to avoid disturbance by sunflecks and to obtain an average 

across a range of solar angles. Incident PAR (PARabove canopy) was measured at the 

same time, yielding PAR transmission: 

TPAR (%) = PARunder canopy / PARabove canopy × 100. 

The horizontal variation in PAR in each mesocosm, required to test Hypothesis 1, 

was assessed with the coefficient of variation of PAR transmission: 

CV(TPAR) = standard deviation of TPAR / mean of TPAR. 

Abundance (density) was recorded by species, where plant individuals were clearly 

recognizable via the point where shoot and roots were connected close to the soil 

surface, in four samples in mesocosms with cell size 0, and eight samples in 

mesocosms with cell sizes 12, 24 and 48 cm (four on nutrient-rich and four on 

nutrient-poor patches), during the last week of August 2015. Sample size was 12 cm 

× 12 cm and the squares were randomly placed within the substrate type. Values 

converted to m
2
 at mesocosm and substrate scale are shown in Appendix 4-2. At 

mesocosm scale, we also calculated whole-community abundance and abundance 

by group of species (high N or low N), likewise converted to m
2
. 

The same data were used to assess species diversity, its components species 

richness and species evenness, and similarity in species composition (Table 4-2). 

Species richness at mesocosm scale refers to the total number of different species in 

the 12 cm × 12 cm samples in a mesocosm, while species richness at substrate scale 

reflects the same for a given substrate in a mesocosm. Species richness at 

mesocosm scale was also separated into high N and low N species, required to test 

Hypothesis 2. Simpson’s diversity, Simpson’s evenness, Shannon-Wiener’s 

diversity and Shannon-Wiener’s evenness were calculated from the relative 

abundances of the species, likewise at mesocosm scale or by substrate type. 

Similarity indices (Sorensen and Bray-Curtis) assess the similarity of the species 

composition between the two substrate types in a mesocosm. Reflecting β-diversity, 

these indices connect α-diversity (substrate scale) with γ-diversity (mesocosm scale). 

At the end of the experiment, on 2 September 2015, plant shoots in each mesocosm 

were cut 2-3 cm above the soil surface, separated by substrate type, oven dried at 

70 °C for 4 days and weighed. Shoot biomass was calculated at mesocosm and at 

substrate scale by converting to m
2
. Average biomass of individual plants in a 

mesocosm was calculated as shoot biomass / plant density. 



CHAPTER 4 PLANT DIVERSITY 

86 

 

Table 4-2 Calculation formulae and ranges of diversity and similarity indices, where pi and 

S refer to the relative abundance of species i and the total number of species in the 

community, respectively; H'max to the maximum value of H'; ai and ci to the relative 

abundances of species i at site a and c, respectively; and C, S1 and S2 to the number of 

species occurring at both site 1 and site 2, at site 1, and at site 2, respectively 

Index Formula Range (min, max) 

Simpson’s diversity D = 1 − ∑ pi
2 

(0, 1) 

Simpson’s evenness E = (1 ∑ pi
2⁄ ) S⁄  

(1/S, 1) 

Shannon-Wiener’s 

diversity H′ = − ∑ pi ln pi

s

i

 
(1.5, 3.5)* 

Shannon-Wiener’s 

evenness 

E′ = H′ H′max⁄ = H′ ln S⁄  (0, 1) 

Bray-Curtis similarity BC

= 2 (∑ min(ai, ci)

S

i=1

∑(ai + ci)

S

i=1

⁄ ) 

(0, 1) 

Sorensen similarity QS =  2C (S1 + S2)⁄  (0, 1) 

*Range rarely exceeds 4.0 for ecological data 

STATISTICAL ANALYSIS 

At mesocosm scale, one-way ANOVA was used to explore the effect of cell size (0, 

12, 24 and 48 cm) on community shoot biomass, abundance, diversity indices and 

CV(TPAR). At the same scale, two-way ANOVA was applied to test for effects of 

cell size, species type (high N or low N) and their interaction on community 

abundance and species richness. At substrate scale, we investigated the effects of 

cell size, substrate type and their interaction with generalised linear mixed models 

(GLMMs) on shoot biomass, abundance, diversity indices and TPAR of the local 

community on that substrate. Box identity was a random factor, and cell size 0 was 

excluded as substrates could not be distinguished in this treatment. Finally, one-way 

ANOVA was performed to test the effect of cell size on the calculated average 

biomass of individual plants and on the similarity indices between the two substrate 

types in a mesocosm. In all these analyses, non-significant explanatory variables 

were excluded stepwise, and significant differences among treatments were 

explored further with post-hoc analysis (pairwise comparisons with Fisher’s LSD). 

All statistics were conducted with SPSS 23.0 (IBM Corp., 2015). 
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4.3 Results 

The relationship between species richness and cell size at mesocosm scale was 

unimodal, with a peak at cell size 12 cm (Fig. 4-2b; Table 4-3). A similar pattern 

was observed for species diversity (Fig. 4-2c,d; Table 4-3), consistent with species 

evenness not being affected by cell size (Table 4-3; mean Simpson’s and Shannon-

Wiener’s evenness were 0.79 ± SE 0.02 and 0.94 ± SE 0.01, respectively). The 

unimodal species richness response originated from nutrient-rich patches, as cell 

size did not affect richness on nutrient-poor patches (Fig. 4-3b; Table 4-4). Beta 

diversity between nutrient-rich and nutrient-poor patches did not contribute to the 

richness peak at 12 cm either, as Sorensen similarity was insensitive to cell size (Fig. 

4-3g, Table 4-3; as mentioned above, community richness at mesocosm scale can be 

seen as gamma diversity, produced by the alpha diversities on both nutrient-rich and 

nutrient-poor patches, and the beta diversity between them). The unimodal response 

trend of species diversity to cell size likewise originated from the nutrient-rich 

patches (Fig. 4-3c,d, Table 4-4; again, cell size had no effect on nutrient-poor 

patches). However, in this case, beta diversity between nutrient-rich and nutrient-

poor patches dampened the peak at mesocosm scale by reaching a minimum, i.e. 

Bray-Curtis similarity reaching a maximum (Fig. 4-3h), at 12 cm (we use Bray-

Curtis similarity here instead of Sorensen because species diversity takes into 

account relative abundances). These patterns being established, we can now move 

to the underlying hypotheses. In itself, a unimodal relationship excludes none of 

them, as it encompasses both an increasing and a decreasing response. 

Hypothesis 1 expected greater diversity at higher soil heterogeneity (smaller cell 

size) because more edges between productive vegetation on nutrient-rich patches 

and unproductive vegetation on nutrient-poor patches would create more light 

niches. However, cell size did not affect CV(TPAR) (Fig. 4-2e; Table 4-3), probably 

because shoot biomass was not too different on the two substrates, (Fig. 4-3a and 

Table 4, see also corresponding effects on PAR transmission in Fig. 4-3f and Table 

4-4). Cell size 48 cm was the exception, with much less productive plants on 

nutrient-poor than on nutrient-rich patches, but these productivity differences 

cannot cause light variation within mesocosms either because there are no edges 

with adjacent patches (in fact 48 cm represents an ‘infinite’ cell size).  

Hypothesis 2 postulated lower diversity at greater soil heterogeneity, owing to fast 

growing species with good foraging abilities depleting the resource-rich cells more 

easily, at the expense of slower growers. Although species richness did decrease 

from cell size 12 to zero (Fig. 4-2b), this hypothesis was not supported because the 
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decrease originated from the high N species (Fig. 4-2g, Table 4-3), opposite to 

expectation. 

Hypothesis 3 assumed that, with increasing soil heterogeneity, a low-productive and 

thus species-richer community on nutrient-poor substrate will become more 

productive because root access to neighbouring nutrient-rich substrate is improved 

by the shorter distance. This would enhance light competition on the poor patches 

and diminish plant diversity there. This was not confirmed: although shoot biomass 

did increase (Fig. 4-3a) and light transmission did decrease (Fig. 4-3f) towards 

smaller cell size on nutrient-poor patches, as expected, there was no corresponding 

increase in species richness and diversity (Fig. 4-3b, note that species richness was 

not different from that on nutrient-rich patches either). On nutrient-rich substrate, a 

high-productive and thus species-poorer community was expected to become less 

productive towards smaller cell size, because resources are then more easily lost to 

neighbouring species on nutrient-poor substrate. This would decrease light 

competition on the nutrient-rich patches and thus promote plant diversity there. This 

was not confirmed either: neither shoot biomass (Fig. 4-3a) nor light transmission 

(Fig. 4-3f) was affected by cell size on nutrient-rich patches. Yet, in spite of this, 

species richness and diversity increased greatly as soil heterogeneity increased (Fig. 

4-3b,c,d). Combined for nutrient-rich and nutrient-poor patches, the trend in 

richness and diversity predicted by Hypothesis 3 is confirmed, at least from cell size 

48 towards 12 cm (Fig. 4-2b), but not the underlying mechanism. 
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Table 4-3 Effects of cell size (0, 12, 24 and 48 cm) in one-way ANOVA on shoot biomass, species richness, Simpson’s diversity, Simpson’s 

evenness, Shannon-Wiener’s diversity, Shannon-Wiener’s evenness, plant abundance and coefficient of variation of light transmission CV(TPAR) 

of the community (Top), and effects of cell size, species type and their interaction in two-way ANOVA on species richness and plant abundance of 

high N and low N species separately (Bottom), all at mesocosm scale. F-values, P-values and degrees of freedom (dfbetween-groups, dfwithin-groups), with 

significant results (P < 0.05) in bold 

 Shoot biomass Species richness Simpson’s diversity 

df F P df F P df F P 

Cell size 3, 21 0.041 0.989 3, 21 7.060 0.002 3, 21 3.201 0.044 

 Simpson’s evenness Shannon-Wiener’s diversity Shannon-Wiener’s evenness 

df F P df F P df F P 

Cell size 3, 21 3.017 0.053 3, 21 4.038 0.021 3, 21 2.039 0.139 

 Community abundance CV(TPAR)  

df F P df F P    

Cell size 3, 21 4.512 0.014 3, 21 0.369 0.776    

    

 Species richness Plant abundance  

df F P df F P    

Cell size 3,45 8.078 < 0.001 3,45 21.126 < 0.001    

Species type 1,45 15.976 < 0.001 1,45 38.248 < 0.001    

Cell size × Species type 3,42 1.800 0.162 3,42 2.135 0.110    
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Table 4-4 Effects of cell size, substrate type (nutrient-rich or nutrient-poor) and their interaction in generalised linear mixed models (GLMMs) 

on shoot biomass, species richness, Simpson’s diversity, Simpson’s evenness, Shannon-Wiener’s diversity, Shannon-Wiener’s evenness, local 

community abundance and light transmission (TPAR) of mesocosms with cell size 12, 24 and 48 cm. F-values, P-values and degrees of freedom 

(dfbetween-groups, dfwithin-groups), with significant results (P < 0.05) in bold 

 Shoot biomass Species richness Simpson’s diversity 

df F P df F P df F P 

Cell size 2, 24 1.035 0.371 2, 27 3.466 0.046 2, 27 1.617 0.217 

Substrate type 1, 24 17.194 < 0.001 1, 26 0.078 0.782 1, 26 0.181 0.674 

Cell size × Substrate type 2, 24 4.202 0.027 2, 24 1.664 0.211 2, 24 2.756 0.084 

    

  Simpson’s evenness Shannon-Wiener’s diversity Shannon-Wiener’s evenness 

df F P df F P df F P 

Cell size 2, 27 1.428 0.257 2, 27 2.423 0.108 2, 27 1.576 0.225 

Substrate type 1, 26 1.097 0.304 1, 26 0.009 0.924 1, 26 0.746 0.396 

Cell size × Substrate type 2, 24 1.634 0.216 2, 24 2.177 0.135 2, 24 2.509 0.102 

    

 Local community abundance Light transmission (TPAR)  

df F P df F P    

Cell size 2, 27 8.584 0.001 2, 24 6.278 0.006    

Substrate type 1, 26 1.071 0.310 1, 24 3.707 0.066    

Cell size × Substrate type 2, 24 0.953 0.400 2, 24 9.308 0.001    
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Figure 4-2 Mean ± SE of shoot biomass (a), species richness (b), Simpson’s diversity (c), Shannon-Wiener’s diversity (d), coefficient of variation 

of light transmission [CV(TPAR)] (e) and plant abundance (f) of the community, and mean ± SE of species richness (g) and plant abundance (h) of 

high N and low N species separately, all as a function of cell size. In (a-h), the grey symbol at 48 cm represents the average of the measurements 

on nutrient-rich (black symbol) and nutrient-poor (white symbol) mesocosms. Significant differences between treatments are indicated by 

different letters (post hoc analysis with Fisher’s LSD) 



CHAPTER 4 PLANT DIVERSITY 

92 

 

 

Figure 4-3 Mean ± SE of shoot biomass (a), species richness (b), Simpson’s diversity (c), Shannon-Wiener’s diversity (d), local community 

abundance (e), light transmission (TPAR) (f), Sorensen similarity (g) and Bray-Curtis similarity (h) as a function of cell size, on nutrient-rich 

(black) and nutrient-poor (white) patches. Response variables at cell size 0 are grey. Significant differences between treatments are indicated by 

different letters (post hoc analysis with Fisher’s LSD) in (a-f), with small and capital letters for nutrient-poor and nutrient-rich patches, 

respectively 
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Interestingly, community abundance at mesocosm scale increased with greater soil 

heterogeneity (smaller cell size) (Fig. 4-2f, Table 4-3). This originated mainly from 

nutrient-rich patches (Fig. 4-3e, Table 4-4), and high N species also contributed 

more to this increase than low N species (Fig. 4-2h). At the same time, cell size did 

not affect the average biomass of individual plants in a mesocosm (P = 0.600). 

4.4 Discussion 

The idea that soil heterogeneity drives plant species diversity has attracted much 

attention in recent decades (Tilman 1982, 1988; Hutchings et al. 2000; Williams 

and Houseman 2014). However, lack of a standard method to create soil 

heterogeneity experimentally and the inclusion of species that can blur fundamental 

trends in empirical tests (e.g. clonal or N-fixing species) may have prevented 

consistent SHD relationships from emerging. Here we conducted an experiment 

where soil heterogeneity was systematically varied from the lowest to the highest 

level in three dimensions, whilst avoiding confounding by specific species. 

Contrary to previous findings, we identified a novel pattern in the form of a 

unimodal SHD relationship, with diversity first increasing and then decreasing 

across the 3D cell size range. Surprisingly, our hypothesized mechanisms to explain 

these responses, several of which were based on earlier assumptions in the 

heterogeneity-diversity literature, were not confirmed. 

To test Hypothesis 1 that soil heterogeneity promotes species diversity by 

generating light niches, induced by the productivity differences between nutrient-

rich and nutrient-poor patches, the spatial variation of light transmission in 

mesocosms was measured. This was not explicitly considered in previous studies on 

soil heterogeneity (Borer et al. 2014). Soil heterogeneity generating light niches is 

analogous to species diversity (i.e. heterogeneity in plant traits) generating light 

niches (Spehn et al. 2000), which in turn allows species to coexist. Yet, in our 

experiment, cell size did not affect the variation of light transmission CV(TPAR) at 

mesocosm scale: shoot biomass was too similar on nutrient-rich and nutrient-poor 

patches (Fig. 4-2a), as well as high enough to produce low TPAR values, across the 

0-12-24 cm cell size range (Fig. 4-3f), thus offering little potential for light niche 

differentiation. Liu et al. (2017b) attributed this shoot biomass similarity to easier 

root access of plants growing on nutrient-poor patches to soil resources in 

neighbouring nutrient-rich patches when cell size is smaller. However, we cannot 

exclude that the observed positive SHD response across part of the cell size range 

was caused by the presence of more light niches before full light interception was 

reached (Sapijanskas et al. 2014; Vojtech et al. 2008), as biomass would be 

expected to increase faster on nutrient-rich than on nutrient-poor patches.  



CHAPTER 4 PLANT DIVERSITY 

94 

 

Contrary to Hypothesis 1, Hypothesis 2 postulated impoverished communities at 

high soil heterogeneity, owing to fast growing species outcompeting slow growers 

through rapid depletion of resource-rich cells. While species richness did drop 

across one part of the SHD range (from 12 to 0 cm), the underlying cause was 

opposite: high N species were lost instead of low N species. Tamme et al. (2010) 

and Laanisto et al. (2013) proposed that negative SHD relationships might also 

ensue from increased isolation and lack of connectivity among patches at high 

levels of heterogeneity, but the question remains whether these principles from 

landscape fragmentation apply across the 12 to 0 cm cell size range. Possibly, very 

small cells of nutrient-rich substrate (i.e., smaller than the plant size) offer 

insufficient resources to maintain a large diversity of fast growing species because 

they co-occur with nutrient-poor cells below the same individual, thus locally 

reducing the mean resource availability relative to larger nutrient-rich cells where 

plant individuals only ‘sense’ the most favourable substrate. This would also 

explain why these fast growers could not outcompete the slow growing species 

(Kumordzi et al. 2015) from cell size 12 to 0 cm. The explanation of insufficient 

resources at very small cell size would not be incompatible with the observed 

increase of the diversity of the high N species on another part of the cell size range, 

i.e. from 48 to 12 cm. The latter could arise from relaxation of intense competition 

among these fast growing species, and thus low diversity, from cell size 48 towards 

12 cm, especially in nutrient-rich patches. Different underlying reasons for species 

impoverishment at both very low and high heterogeneity may thus explain the 

unimodal SHD relationship, similar to other unimodal plant diversity patterns such 

as diversity-productivity (Fraser et al. 2015) and diversity-disturbance (Kondoh 

2001). 

Hypothesis 3 was based on the aforementioned greater resource loss from nutrient-

rich patches through extraction by species on neighbouring nutrient-poor patches as 

cell size gets smaller (Liu et al. 2017b), thus reducing the productivity and light 

competition and increasing the species diversity on nutrient-rich patches. However, 

such easier root access should increase the productivity and light competition on 

nutrient-poor patches, eliciting the opposite diversity response there. Depending on 

the balance of these processes, increasing as well as decreasing SHD relationships 

at mesocosm scale might thus arise, in principle also giving rise to unimodal curves. 

Yet, on nutrient-poor patches the expected diversity trend was not confirmed 

whereas the underlying biomass and light responses were observed, which was 

opposite on nutrient-rich patches. Nevertheless, we think that the mechanisms in 

Hypothesis 3, which basically consider only shading within a patch, might still hold, 
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but could be blurred by the associated, simultaneous effects of shading by the 

neighbouring patches (DeMalach et al. 2016, 2017). 

Previous studies on heterogeneity have to our knowledge not measured plant 

density. In our mesocosms, plant density increased monotonically towards small 

cell size, so not only more species were able to coexist on the same area (up to cell 

size 12 cm), but also more individuals (up to cell size 0 cm). As cell size did not 

affect community shoot biomass, the more numerous plants growing on small cells 

would be expected to be smaller, but this could not be substantiated statistically. We 

therefore additionally considered whether small-cell mesocosms contained more 

species of small stature. This was not confirmed either: the average species height 

(derived from www.try-db.org on 19 March 2018), weighted by their relative 

abundance as observed in our mesocosms, was highly similar (49 and 51 cm at cell 

size 48 and 12 cm, respectively), indicating that the community composition 

probably did not shift to intrinsically smaller species and that the enhanced 

coexistence of more individuals may be caused by other factors. In any case, 

starting from the seed rain, less competitive exclusion occurred at cell size 12 than 

at 48 cm since species richness was higher there, pointing at the same conclusion of 

improved coexistence (assuming equal germination across cell sizes because 

mesocosms contained equal amounts of nutrient-rich and nutrient-poor surface soil). 

Note that our findings of greater density and similar community biomass in 

mesocosms with smaller cell size also point to the law of constant final yield (Kira 

et al. 1953; Weiner 2004). 

There was an equal number of high N and low N species in our species pool, which 

to a certain extent removes potential effects of the species pool on the SHD 

relationship. On the other hand, excluding species with particular traits (i.e. clonal 

and N-fixing species) in this pool may not be fully realistic since such species 

coexist with others in nature. However, excluding clonal and N-fixing species 

reduced the complexity in this first exploration of the effect of 3D soil heterogeneity 

on plant diversity. Future research including such species should be conducted to 

quantify their effects. 

4.5 Conclusion 

We conclude that species diversity responses to small-scale spatial soil 

heterogeneity can be unimodal, which to our knowledge was not observed before 

for plant communities, although it has been modelled at large spatial scale where it 

was attributed to greater extinction risk of small plant populations from inbreeding 

depression and stochastic events (Kadmon and Allouche 2007). These mechanisms 
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clearly do not operate at the scale of our experiment. The location of the SHD peak 

at 12 cm suggests different underlying mechanisms, which seem to switch at 

roughly the size of the individual plant, as proposed earlier (Fitter 1994). Studies at 

the very small scale may therefore hold the key to progress in this domain.  
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Appendix 4-1 Setup of the photosynthetically active radiation (PAR) measurements in a 

mesocosm (top view). PAR was recorded 5 cm above the soil surface at every 2 cm (dots) 

along each of two parallel lines, one 18 and one 30 cm from the left side of the mesocosm, 

respectively  



CHAPTER 4 PLANT DIVERSITY 

103 

 

Appendix 4-2 Average species abundance (density) at substrate scale (a) and mesocosm 

scale (b) in mesocosms with different cell sizes. NP and NR refer to nutrient-poor and 

nutrient-rich substrate, respectively. High N species had higher average densities than low 

N species, both at mesocosm scale and on each substrate type 
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CHAPTER 5 THREE-DIMENSIONAL SOIL HETEROGENEITY 

NEGATIVELY INFLUENCE THE RESPONSES OF PLANT 

COMMUNITIES TO EXPERIMENTALLY IMPOSED DROUGHT EVENT 

Liu Y, Bortier MF, Verlinden M, De Boeck HJ, Li Z, Nijs I 

 

Abstract: Heterogeneity is an intrinsic characteristic of soils, which can significantly affect 

plant diversity and ecosystem functioning. Under ongoing climate change, these 

heterogeneity effects may change in turn. Here, we specifically focused on the interactions 

between soil heterogeneity and drought, as drought events are expected to increase in 

intensity and/or duration in many regions under climate change. We created soil 

heterogeneity in a controlled manner using a recently developed technique. Nutrient-rich 

and nutrient-poor substrates were alternated in all dimensions, in containers of 48 cm × 48 

cm × 48 cm, resulting in four heterogeneity levels (cell sizes 0, 12, 24 to 48 cm), with 

identical nutrient amount per level of heterogeneity. A seed mixture of 24 species that 

naturally occur in grasslands in Belgium was evenly sowed on each mesocosm in May 2016. 

Temporary rainout shelters were installed on three of the six plots to impose a three-week 

long drought in August 2016. At the end of drought, irrigation was applied and recovery was 

studied until November 2016. During the drought, SWC decreased more slowly at large (48 

cm) than at small (0-12-24 cm) cell size, which coincided with a slower loss of canopy 

greenness. These responses mainly originated from nutrient-poor substrate, whereas the rate 

of decline of SWC and canopy greenness on nutrient-rich substrate was indifferent to cell 

size. The slower decrease of SWC and canopy greenness on large nutrient-poor cells 

matches the smaller shoot and root biomass there compared with smaller nutrient-poor cells, 

which in turn can be explained by less easy root access on these large nutrient-poor cells to 

resources in nutrient-rich cells. After the drought, plants recovered faster on nutrient-rich 

than on nutrient-poor substrate, probably, owing to the greater availability of resources. 

Overall, our results indicate that soil heterogeneity can negatively modulate the responses of 

plant communities to drought events, and should thus also be considered when predicting 

effects of changes in precipitation regimes in the context of climate change in terrestrial 

ecosystems. 

To be submitted 
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5.1 Introduction 

Exploring the responses of plants to soil heterogeneity is essential for understanding 

plant diversity and ecosystem functioning (Hutchings et al. 2003; Hodge 2004; 

Fridley et al. 2011). Experimental studies conducted thus far found that, in 

heterogeneous soils, species adjust their root characteristics both morphologically 

(root architecture, Caldwell 1994; Fitter 1994; and root biomass, Šmilauerová, 2001; 

Maestre et al. 2006) and physiologically (Wijesinghe et al. 2001; Mommer et al. 

2012). Most of these studies varied soil heterogeneity in two dimensions, either 

horizontally or vertically, yet soils are heterogeneous in three dimensions (Pickett et 

al. 2000). Moreover, soil heterogeneity includes two components, a qualitative (e.g. 

texture, nutrients) and a configurational (e.g. patch size, distribution pattern) 

component (Kelly and Canham 1992; Maestre and Cortina 2002; Dufour et al. 

2006), which both fluctuate in space and time (Tilman and Pacala 1993; Maestre et 

al. 2006; Maestre and Reynolds 2006). Some studies varied the configurational 

component without keeping the qualitative component constant (Baer et al. 2004; 

Maestre et al. 2005), which makes it difficult to precisely link cause and effect. To 

better understand the responses of plant communities to soil heterogeneity, we 

experimentally created soil heterogeneity in three dimensions and varied only the 

target component. 

According to IPCC (2013), drought events in temperate regions are expected to 

increase in intensity and/or duration. To cope with drought, plants adopt two 

common strategies, i.e. either increasing water uptake or reducing water loss. In the 

former case plants may grow roots into deeper layers or horizontally spread roots, 

thus increasing root biomass (Marchand et al. 2005). In the latter case, plants close 

stomata and reduce transpiration, but this pushes canopy temperatures higher, 

increasing the risk of heat stress (De Boeck et al. 2012). On the one hand, drought 

can influence soil processes and properties (Brevik 2012) and can therefore affect 

the responses of plants to soil heterogeneity, for example through changes in root 

exudation (Bertin et al. 2003). On the other hand, soil heterogeneity can also modify 

drought impacts, for example by providing refuges for some species on 

unproductive patches, where transpiration is lower. Prior studies have demonstrated 

that soil heterogeneity can affect plant responses to environmental change, such as 

elevated CO2 and N enrichment, via influencing the plasticity of plant nutrient 

uptake (Fridley et al. 2011; García-Palacios et al. 2012). However, possible 

interactions between drought events, an important aspect of climate change, and 

heterogeneity have not been explored in detail, to our knowledge.  
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To investigate the response of plant communities growing on heterogeneous soils to 

drought and subsequent recovery, we conducted a controlled experiment where four 

levels of soil heterogeneity were created in three dimensions (cell size 0, 12, 24 and 

48 cm) with a recently developed technique (Liu et al. 2017a). Specially, we 

examine two hypotheses: (1) Plants on adjacent nutrient-rich and nutrient-poor 

substrates are expected to respond differently to drought. Plants growing on 

nutrient-rich substrates are assumed to be more productive (Grime et al. 1997; Aerts 

1999), leading to higher water consumption and faster depletion of soil water 

reserves during drought, resulting in faster and/or increased levels of drought stress. 

However, the higher water-holding capacity of the nutrient-rich substrate may 

reduce the abovementioned negative effect. Moreover, recovery on the nutrient-rich 

substrate is expected to be faster because of the higher abundance of resources 

(MacGillivray and Grime 1995). (2) Soil heterogeneity modulates these substrate-

specific responses of plants since (a) increasing heterogeneity (smaller cell size) 

implies a shorter distance between nutrient-rich and nutrient-poor substrates, which 

makes it more likely for plants on nutrient-poor substrate to access resources from 

adjacent nutrient-rich patches; while (b) this process would increase root-crowding 

in nutrient-rich patches at higher heterogeneity, leading to faster depletion of and 

increased competition for soil water in these patches, in turn resulting in more 

drought stress. 

5.2 Materials and Methods  

EXPERIMENTAL SETUP 

The experiment was conducted at the University of Antwerp, Campus Drie Eiken 

(Belgium, 51°09´41″N, 04°24´29″E). The local climate is characterised by mild 

winters and cool summers, and rainfall equally distributed throughout the year. In 

spring 2016, four levels of soil heterogeneity (cell size 0, 12, 24 and 48 cm) were 

created layer by layer in wooden boxes (‘mesocosms’ of 48 × 48 × 48 cm) through 

filling two types of substrate (to simplify, named as ‘nutrient-poor’ and ‘nutrient-

rich’ substrate, hereafter) alternating in all dimensions (Liu et al. 2017a). These 

substrates were obtained by thoroughly mixing organic soil and sand in a 1:9 and 

9:1 ratio, respectively, using a cement mixer. Characteristics of the two substrates 

were tested by a soil laboratory (“Bodemkundige Dienst van België”, Heverlee, 

Belgium) (Table 5-1). Only configurational heterogeneity was modified by varying 

cell size, while the qualitative component of heterogeneity was kept constant by 

maintaining equal proportions of the two substrates in all levels of soil 

heterogeneity. Mesocosms with cell size 48 cm were filled with either nutrient-poor 

or nutrient-rich substrate (two types of mesocosms in this level), while mesocosms 
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with cell size 24 and 12 cm were filled with nutrient-poor and nutrient-rich substrate 

in an alternating fashion as described above. Finally, mesocosms with cell size 0 

were filled with a mixture of the two substrates, i.e. with both of them alternating at 

very short distance (note that, the exact cell size is unknown). Note that we consider 

decreasing cell size to increase soil heterogeneity (cf. Liu et al. 2017a, b). Hence, 

the 48-cm-cell-size mesocosms represent the lowest level of soil heterogeneity, 

while the 0-cm-cell-size mesocosms are considered to have the highest soil 

heterogeneity. Mesocosms with cell size 0, 12, 24 and 48 cm were replicated 12, 12, 

12 and 24 times, respectively. Half of the 24 replicates at 48 cm had nutrient-rich 

and the other half nutrient-poor substrate. 

The same seed mixture was applied to all mesocosms, with seeds obtained from a 

commercial supplier (Cruydt-Hoeck, Nijeberkoop, The Netherlands). The species 

were selected according to their preference for nitrogen availability, known as 

Ellenberg’s Indicator Nitrogen Value (N) (Ellenberg et al. 1991). Species that can 

significantly modify soil heterogeneity such as N-fixing species and clonal species 

(De Kroon and Bobbink 1997; Baer et al. 2015) were excluded. Accordingly, 

twenty-four perennial herbaceous species that naturally occur in grasslands in 

Belgium were chosen, which we classified into two types for later analysis (low N 

(1-4) or high N (6-8), 12 species per type, Appendix 5-1). In the seed mixture, the 

relative abundance of the species was adjusted according to a preceding pilot 

experiment where the germination rates and emergence times of the seeds were 

tested. Only differences in germination rate needed to be corrected to obtain equal 

representation of all species as the emergence times were similar (all within two 

weeks after sowing). Each mesocosm received 336 seeds of the seed mixture, 

applied in square patches of 12 × 12 cm to ensure equal distribution across the soil 

surface. After sowing, the seeds in each patch were covered with a few millimetres 

of the corresponding substrate. During the experiment, weeding ensured that only 

the sown species were present. 

The sixty mesocosms were arranged in six plots, each containing two times five 

mesocosms with different heterogeneity (i.e. cell size 0, 12, 24, 48 cm nutrient-rich 

and 48 cm nutrient-poor). To simulate drought, temporary rainout shelters (6 × 6 m, 

with a height of 3 m in the middle) were deployed to cover three plots, with the 

other three plots treated as control. The shelters were covered upward from 1 m 

above the ground to allow wind circulation and prevent warming, with highly 

transparent plastic foil (‘hyti-clear’) bought from a local company. The drought 

period lasted three weeks, from 4 to 26 August 2016, and was ended when the 

average canopy greenness of all droughted mesocosms was below 25%. During the 

entire duration of the experiment, except for the period of rainfall exclusion in the 
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drought mesocosms, water was added in all mesocosms to compensate for shortages 

in natural rainfall, which was below average in the April-November period of 2016 

(Royal Meteorological Institute of Belgium). 

To measure volumetric soil water content (SWC) with the PR2 soil moisture sensor 

(Delta-T Devices Ltd., Cambridge, England), vertical profile probe tubes covering 

the first 36 cm of soil depth were placed in the middle of patches, one in each 

mesocosm with cell size 0 and 48, and two in each mesocosm with cell size 12 and 

24 (one in nutrient-poor and the other in nutrient-rich substrate). At the beginning of 

the experiment, immediately before the start of the drought, and at the start of the 

recovery period, water was added to all mesocosms until field capacity to ensure 

equal starting conditions. Before the onset of drought, plants were treated with 

fungicide twice, and other pesticides were applied (against ants and snails) 

whenever necessary.  

MEASUREMENTS AND CALCULATIONS 

To explore the responses to drought and the recovery from drought of the plant 

communities growing on the heterogeneous soils, six variables were measured, i.e., 

SWC, canopy temperature, canopy browning, canopy greenness, shoot biomass and 

root biomass.  

(1) SWC was measured in the middle of the top three 12-cm layers in each 

mesocosm, once a week before the onset of the drought, then once per day during 

the first week of the drought and afterwards once per two days until the drought was 

ended. After the drought, SWC was measured twice per week until the end of the 

growing season. SWC at mesocosm scale refers to the average SWC from the three 

layers in each mesocosm, while at substrate scale it reflects the average SWC in 

nutrient-poor or nutrient-rich substrate from these three layers. 

(2) Canopy temperature was recorded with a non-contact infrared thermometer (C-

1600, Fremont, USA), at 120 cm above the canopy to sample whole mesocosms and 

at 10 cm above the canopy to sample the separate substrates. To the latter end, 12 

cm × 12 cm patches were randomly selected in each mesocosm: one in mesocosms 

with cell size 0 and 48; two in mesocosms with cell size 12 and 24, of which one in 

nutrient-poor and one in nutrient-rich substrate. Measurements at both scales were 

conducted twice per day (once at 11:00 am and once at 16:00 pm, assigned as 

measurement period) on the same dates during the drought.  

(3) Canopy browning, which refers to the fraction of non-green foliage, was 

estimated visually from 0% to 100% in 5% intervals once per week during the 
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drought in randomly selected 12 cm × 12 cm patches in each mesocosm: four 

patches in mesocosms with cell size 0 and 48 cm; eight patches in mesocosms with 

cell size 12 and 24 cm, of which four in nutrient-poor and four in nutrient-rich 

substrate. Canopy browning at mesocosm scale refers to the average browning from 

the patches in each mesocosm, while at substrate scale it reflects the average 

browning in nutrient-poor or nutrient-rich substrate in each mesocosm. 

(4) Canopy greenness, measured as normalized difference vegetation index (NDVI), 

was recorded at mesocosm scale with a Greenseeker handheld Crop Sensor 

(Trimble Navigation Limited, Sunnyvale, USA) at 50 cm above the middle of the 

soil surface of each mesocosm, twice per week during the first two weeks of the 

drought, and then once per day until the drought was ended. After drought, 

measurements continued once per week until the end of recovery. To estimate 

canopy green cover, which partly reflects the canopy greenness at substrate scale, 

we took pictures of each mesocosm once per week during the drought with a digital 

camera (Canon 400D, Tokyo, Japan), at one meter above the soil surface under 

diffuse light (i.e. either on a cloudy day or under an umbrella) with fixed camera 

settings (24 mm focal length, 7000 K white balance, for more details see Cheng et 

al. 2001; Tang et al. 2003). Each picture was separated into patches according to the 

substrate type, after which the canopy greenness at substrate scale was estimated 

with image analysis software. 

 (5) After drought, on 27 August 2016, plant shoots in each mesocosm were cut 3 

cm above the soil surface and separated by substrate type. Root biomass was 

harvested at the same time in a subset of mesocosms (one mesocosm per level of 

soil heterogeneity in each plot). To this end, each mesocosm was first cut into four 

horizontal layers; each layer was then cut into 16 samples of 12 cm × 12 cm × 12 

cm; finally, each sample was cut into four subsamples of 6 cm × 6 cm × 12 cm (12 

cm being the height) and one of them was randomly selected, after which all 

subsamples of the same substrate in each layer were grouped as one target sample. 

Therefore, there were 8 target samples in mesocosms with cell size 12 and 24 cm 

and four target samples in mesocosms with cell size 0 and 48 cm (see more details 

in Liu et al. 2017b). The remaining mesocosms were kept to further explore the 

recovery from drought. At the end of the growing season on 8 November 2016, 

shoot biomass was harvested as before in the remaining mesocosms. 

All shoots and roots were oven dried at 70 °C to constant mass and weighed. Shoot 

biomass at mesocosm scale was calculated by adding shoot biomass on nutrient-

poor and nutrient-rich substrate in each mesocosm. Root biomass at mesocosm 

scale was calculated likewise. Total biomass at mesocosm scale was calculated by 
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adding mesocosm shoot and root biomass, and root/shoot (R/S) ratio by dividing 

mesocosm root by shoot biomass. At substrate scale, shoot and root biomass refers 

to the biomass in nutrient-poor or nutrient-rich substrate in each mesocosm. 

STATISTICAL ANALYSIS 

At mesocosm scale, generalised linear mixed models (GLMMs) were used to 

explore the effects of cell size, treatment (drought or control) and their interaction 

on shoot biomass, root biomass, total biomass and root/shoot ratio (R/S), with plot 

as a random factor. At the same scale, GLMMs analysed the effect of cell size, 

treatment, measurement date and their interactions on SWC, canopy temperature, 

and canopy browning and canopy greenness, with plot, box identity (i.e. each box 

has a unique number from 1 to 60) and their interaction as random factors. 

Measurement date × measurement period (morning or afternoon) interaction was an 

extra random factor for canopy temperature. Next, the drought treatment was 

analysed separately for variables that responded significantly to drought. To that 

end, GLMMs were used to explore the effects of cell size, measurement date and 

their interaction on SWC, canopy temperature, canopy browning and canopy 

greenness. Finally, to establish whether drought-induced changes in canopy 

browning and canopy greenness were significant at the end of the drought period, 

we analysed the last drought period measurements with GLMMs, where cell size, 

treatment and their interaction were the fixed factors, while plots, box identity and 

their interaction were the random factors. In all GLMMs, non-significant 

explanatory variables were excluded stepwise from the final model. Post-hoc 

analysis (pairwise comparisons with Fisher’s LSD) was used to explicitly test the 

differences between mesocosms with different cell sizes. 
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Table 5-1 Characteristics of the two substrates (nutrient-poor and nutrient-rich) used in this experiment 

Substrate 

type 

pH C 

(%) 

NaCl 

(mg L
−1

) 

NO3
−
-N 

(kg ha
−1

) 

NH4
+
-N 

(kg ha
−1

) 

P2O5 

(mg L
−1

) 

K2O 

(mg L
−1

) 

MgO 

(mg L
−1

) 

CaO 

(mg L
−1

) 

Na2O 

(mg L
−1

) 

Density 

(kg L
−1

) 

Nutrient-

poor 

5.3 < 0.1 541 26 21 71 93 26 216 14 1.545 

Nutrient-rich 6.3 1.7 3155 243 106 850 817 330 2208 130 1.325 
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At substrate scale, we used GLMMs to explore the effects of cell size, treatment, 

substrate type, measurement date and their interactions on SWC, canopy 

temperature, canopy browning and canopy greenness, with plot, box identity and 

their interaction as random factors. Again, the measurement date × measurement 

period interaction was an extra random factor for canopy temperature. Similar to the 

mesocosm scale analyses, treatment was also significant at substrate scale, leading 

to drought treatment being analysed separately. Two separate analyses were 

conducted with GLMMs to explore (1) the effects of cell size, substrate type and 

their interaction on shoot and root biomass; (2) the effects of cell size, substrate type, 

measurement date and their interactions on SWC, canopy temperature, canopy 

browning and canopy greenness. In these GLMMs analyses, plot, box identity and 

their interaction were random factors. Again, the measurement date × measurement 

period interaction was an extra random factor for canopy temperature. Non-

significant explanatory variables were excluded in a stepwise fashion from the final 

model. Post-hoc analysis (pairwise comparisons with Fisher’s LSD) was used to 

explicitly test the differences between mesocosms with different cell sizes and the 

effects of the interactions. Data were transformed (log base 10) when necessary. 

Finally, one-way ANOVAs were conducted to (1) explore the effects of substrate 

type on the time required to reach 50% of available water in mesocosms with cell 

size 12, 24 and 48 cm; and (2) examine the effect of substrate type on the time to 

reach 80% greenness during recovery in mesocosms with cell size 48 cm. All 

statistics were conducted with SPSS 23.0 (IBM Corp., 2015). 

5.3 Results 

RESPONSES DURING DROUGHT 

At the end of drought, the analysis at substrate scale reveals that shoot biomass 

dropped towards cell size 48 cm especially on nutrient-poor substrate, while it 

remained constant on nutrient-rich substrate (significant cell size × substrate type 

interaction, Fig. 5-2a; Table 5-3). Similarly, mesocosms had less root biomass at 

cell size 48 cm (Fig. 5-1b; Table 5-2), but, here, both nutrient-rich and nutrient-poor 

substrate contributed to the response. The analysis of the entire mesocosms showed 

that shoot and total biomass and root/shoot ratio were not affected by cell size (Fig. 

5-1; Table 5-2). Drought likewise did not significantly alter shoot, root and total 

biomass or root/shoot ratio, nor did drought interact with cell size on any of these 

variables (Fig. 5-1; Table 5-2). This was similar at substrate scale, for both shoot 

and root biomass (Fig. 5-2a,b; Table 5-3).  
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The biomass responses to cell size were reflected in the course of SWC decline 

during the drought (Fig. 5-3a), supporting our hypothesis that influences of cell size 

on drought impact are mediated by productivity. Notably, SWC decreased slower in 

mesocosms with cell size 48 cm compared to all other cell sizes (Appendix 5-2a, 

post hoc analyses P < 0.001 in all cases, Fig. 5-3b), which originated from nutrient-

poor substrate where SWC likewise decreased slower at the largest cell size 

(Appendix 5-2b, post hoc analyses P < 0.001 in all cases, Fig. 5-3c), in line with the 

aforementioned lower biomass there. Unlike nutrient-rich substrate where decreases 

in SWC were similar among the different cell sizes (Appendix 5-2b, post hoc 

analyses P > 0.05 in all cases except an observed faster decrease at cell size 48 than 

12 cm, P = 0.033, Fig. 5-3d), which corresponds with the lack of heterogeneity 

effects on biomass on this substrate type. During drought, nutrient-rich substrate 

dried relatively more slowly than nutrient-poor substrate (P = 0.001): decreasing 

soil water to 50% of the total available amount in nutrient-rich substrate took 8.8 ± 

0.4 days, while it took 5.9 ± 0.6 days in nutrient-poor substrate.  

 

Figure 5-1 Mean ± SE of  shoot biomass (a), root biomass (b), total biomass (c) and 

root/shoot ratio (R/S) (d) after drought, and shoot biomass after recovery (e) as a function 

of increasing cell size (declining heterogeneity). Control and drought treatment are 

indicated in black and red, respectively. At cell size 48 cm, the grey dots represent the 

average of the measurements on nutrient-rich (filled dots) and nutrient-poor (open dots) 

substrate. Significant (P < 0.05) differences between cell sizes levels are indicated by 

different letters (post hoc analyses with Fisher’s LSD) 
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Figure 5-2 Mean ± SE of shoot biomass (a) and root biomass (b) after drought, and shoot 

biomass (c) after recovery, on nutrient-rich (NR, solid line) and nutrient-poor (NP, dashed 

line) substrate as a function of increasing cell size (declining heterogeneity). Control (C) 

and drought (D) treatment are black and red, respectively. The mean ± SE of mesocosms 

with cell size 0 are indicated by grey dots as NR and NP substrate cannot be discerned there. 

Significant (P < 0.05) differences between treatments have different letters (post hoc 

analyses with Fisher’s LSD, small and capital letters for NP and NR, respectively) 

At the end of the drought, the canopy was significantly less green and more 

senesced (brown) in droughted mesocosms compared to the controls (P < 0.001 for 

both cases). During the drought, canopy browning and canopy greenness at 

mesocosm scale were subject to treatment × cell size × measurement date 

interaction (P < 0.001 and 0.036, respectively), while canopy temperature at 

mesocosm scale was not (P = 0.782). This significant three-way interaction implies 

that the drought impact over time depends on cell size. In the following, we 

therefore analysed canopy browning (Fig. 5-4a) and canopy greenness (Fig. 5-5a) in 

more detail. 

At mesocosm scale, canopy browning (i.e. stress-induced senescence) increased 

slower in mesocosms with cell size 48 and 0 cm than 12 and 24 cm (Appendix 5-3a, 

post hoc analyses, P < 0.005 for all cases, Fig. 5-4b). Again, this originated from 

nutrient-poor substrate, where 48-cm-cell patches likewise became browner slower 

than patches with cell size 12 and 24 cm (Appendix 5-3b, post hoc analyses P < 

0.001 for both cases, Fig. 5-4c), whereas no such effects were observed on nutrient-

rich patches (Appendix 5-3b, post hoc analyses P = 0.895 and 0.558, respectively, 

Fig. 5-4d). This pattern is compatible with the aforementioned slower drying of 

nutrient-poor substrate at the largest cell size. 

 



CHAPTER 5 DROUGHT STRESS 

116 

 

 

Figure 5-3 Whole-mesocosm mean ± SE of soil water content (SWC) in control (black) and drought (red) treatment, averaged over all cell sizes 

(0, 12, 24 and 48 cm), as a function of date (a). Mean ± SE of mesocosm SWC under drought by cell size (b). Mean ± SE of SWC separately for 

nutrient-poor (c) and nutrient-rich (d) substrate. Arrows indicates the starting point of the drought and the harvests  

 

 

 



CHAPTER 5 DROUGHT STRESS 

117 

 

Table 5-2 At mesocosm scale, effects of cell size, treatment (drought vs. control) and their interaction in GLMMs on shoot, root and total 

biomass and root/shoot ratio after drought, and on shoot biomass after recovery, in mesocosms with cell sizes 0, 12, 24 and 48 cm. F-values, P-

values and degrees of freedom (dfbetween-groups, dfwithin-groups), with significant results (P < 0.05) in bold 

 After drought 

Source Shoot biomass Root biomass 

df F P df F P 

Cell size 3, 56 1.736 0.170 3, 26 4.925 0.008 

Treatment 1, 55 0.110 0.742 1, 25 2.153 0.155 

Cell size × Treatment 3, 52 0.032 0.992 3, 22 0.529 0.667 

Source Total biomass Root/shoot ratio 

df F P df F P 

Cell size 3, 26 1.099 0.367 3, 26 0.728 0.545 

Treatment 1, 25 0.445 0.511 1, 25 0.234 0.633 

Cell size × Treatment 3, 22 0.018 0.997 3, 22 0.377 0.771 

 After recovery from drought 

Source Shoot biomass  

df F P    

Cell size 3, 25 0.495 0.689    

Treatment 1, 28 0.212 0.648    

Cell size × Treatment 3, 22 0.099 0.960    
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Table 5-3 At substrate scale, effects of cell size, substrate type (nutrient-rich vs. nutrient-poor), treatment (drought vs. control) and their 

interactions on shoot and root biomass after drought and on shoot biomass after recovery in mesocosms with cell sizes 12, 24 and 48 cm in 

GLMMs. F-values, P-values and degrees of freedom (dfbetween-groups, dfwithin-groups), with significant results (P < 0.05) in bold 

 After drought 

Source Shoot biomass Root biomass 

df F P df F P 

Cell size 2, 66 91.723 < 0.001 2, 32 33.965 < 0.001 

Substrate type 1, 66 225.867 < 0.001 1, 32 102.680 < 0.001 

Treatment 1, 65 0.025 0.876 1, 31 0.286 0.596 

Cell size × Substrate type 2, 66 169.124 < 0.001 2, 29 1.519 0.236 

Cell size × Treatment 2, 62 0.102 0.904 2, 26 0.490 0.618 

Substrate type × Treatment 1, 64 0.626 0.432 1, 28 0.750 0.394 

Cell size × Substrate type × Treatment 2, 60 0.148 0.863 2, 24 0.760 0.478 

 After recovery 

Source Shoot biomass  

df F P    

Cell size 2, 30 20.741 < 0.001    

Substrate type 1, 30 3.108 0.088    

Treatment 1, 29 1.722 0.200    

Cell size × Substrate type 2, 30 4.612 0.018    

Cell size × Treatment 2, 26 0.497 0.614    

Substrate type × Treatment 1, 28 3.384 0.076    

Cell size × Substrate type × Treatment 2, 24 1.909 0.170    
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Finally, canopy greenness dropped slower at cell size 48 cm compared with 12 and 

24 cm (Appendix 5-4a, post hoc analyses P < 0.001 in both cases; Fig. 5-5b), which 

again originated from nutrient-poor substrate where it likewise decreased slower 

(Appendix 5-4b, post hoc analyses P < 0.001 for both cases, Fig. 5-5c). On nutrient-

rich substrate, differences in rate of decline of greenness between heterogeneity 

levels (cell size 48 cm vs. 12 and 24 cm) were non-significant (Appendix 4b, post 

hoc analyses P = 0.159 and 0.055, Fig. 5-5d). The more slowly increasing canopy 

browning and decreasing canopy greenness of plant communities in mesocosms 

with cell size 0 during drought than those in 12- and 24-cm mesocosms cannot be 

explained by differences in plant performance on nutrient-rich and nutrient-poor 

substrate since responses cannot be attributed to patches at cell size zero. 

 

Figure 5-4 Whole-mesocosm mean ± SE of canopy browning under control (black) and 

drought (red) treatment, averaged over all cell sizes (0, 12, 24 and 48 cm), as a function of 

date (a). Mean ± SE of mesocosm canopy browning under drought by cell size (b). Mean ± 

SE of canopy browning separately for nutrient-poor (c) and nutrient-rich (d) substrate  

POST-DROUGHT RESPONSES 

Plants growing on nutrient-rich substrate recovered faster than those on nutrient-

poor substrate (P = 0.002) (Fig.5-5b, only available for cell size 48 cm due to the 

wide field of view of the Greenseeker). Responses at the substrate and mesocosm 

scale were similar as during drought. Indeed, shoot biomass dropped towards cell 

size 48 cm on nutrient-poor substrate and that was not affected by cell size on 

nutrient-rich substrate (Fig. 5-2c, Table 5-3), while we found no effects of 
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heterogeneity on the shoot biomass at the mesocosm scale (Fig.5-1e, Table 5-2). A 

drought effect and drought × cell size interaction on shoot biomass was likewise 

absent, suggesting that there are no legacy effects of drought. During recovery, 

SWC and canopy greenness were not subject to drought treatment × cell size × 

measurement date interaction (P = 0.347 and 0.896, respectively), meaning that all 

mesocosms had returned to control levels (i.e. full recovery). 

 

Figure 5-5 Whole-mesocosm mean ± SE of canopy greenness in control (black) and drought 

(red) treatment, averaged over all cell sizes (0, 12, 24 and 48 cm), as a function of date (a). 

Mean ± SE of mesocosm canopy greenness under drought by cell size (b). Mean ± SE of 

canopy greenness separately for nutrient-poor (c) and nutrient-rich (d) substrate. Arrows 

indicate the starting point of the drought and the harvests 

5.4 Discussion 

To explore the responses of plant communities to the joint effects of drought and 

soil heterogeneity, we conducted a manipulation experiment in which we tested two 

hypotheses. The first hypothesis focused on the interaction of substrate type and 

drought. In line with our expectations, more shoot and root biomass was found on 

nutrient-rich than on nutrient-poor substrate. Earlier studies have shown that 

increased productivity often leads to faster water depletion (Van Peer et al. 2004; 

Wang et al. 2007; De Boeck et al. 2008). We found that decreasing soil water to 50% 

of the total available amount in nutrient-rich substrate took longer than that in 

nutrient-poor substrate. At the same time, the higher water-holding capacity of the 

nutrient-rich substrate used in our experiment implies that the stock of water was 

higher to begin with (Fig. 5-3d). Thus, the higher water-holding capacity of the 

nutrient-rich substrate likely prevented faster development of drought stress induced 
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by greater productivity. The fact that we detected drought impacts on canopy 

browning and canopy greenness as well as canopy temperature, but not on biomass, 

is not very surprising. Firstly, most of the growth had likely already occurred by 

August (the time of imposing the drought). This means differences in biomass 

increment would have been small during our three week drought period. Secondly, 

dead biomass was not separated from the living biomass. Since it had no time to 

significantly decompose, it was included in the analyses. In terms of drought 

impacts, rapid changes such as the increased senescence we observed are therefore 

more meaningful (Breshears et al. 2005; Adams et al. 2009). Recovery from the 

drought on nutrient-rich substrate was expected to be faster owing to more available 

resources there (MacGillivray and Grime 1995). This was confirmed since the 

plants growing on nutrient-rich substrate reached 80% of the peak canopy greenness 

realized during recovery after on average 15 days, while this took on average 19 

days on nutrient-poor substrate (Fig. 5-5b, only available for cell size 48 cm due to 

the wide field of view of the Greenseeker). 

The second hypothesis refers to the assumption that soil heterogeneity modulates 

the responses of plants to drought. On the one hand, plants growing on nutrient-poor 

patches have easier access to nutrient-rich patches when heterogeneity is higher due 

to the shorter distance between them. We indeed found more root and shoot 

biomass on nutrient-poor substrate when cell size was smaller (greater 

heterogeneity), corroborating earlier observations (Liu et al. 2017b). On the other 

hand, this process could cause more root-crowding in nutrient-rich patches at higher 

heterogeneity, leading to faster depletion of soil water and increased drought stress. 

This was not supported: both shoot and root biomass and the decline of SWC were 

not affected by cell size on nutrient-rich substrate. Possibly, the loss of resources 

from nutrient-rich to nutrient-poor patches, even when it increases when soil 

heterogeneity is higher, remains limited relative to the large amounts of available 

resources in nutrient-rich substrate (Table 5-1). Yet, the slower depletion of soil 

water at large than at small cell size in nutrient-poor substrate (owing to the 

aforementioned lower biomass) clearly demonstrates that soil heterogeneity does 

modulate the responses of plants to drought, though not in the way proposed by 

Hypothesis 2. In particular, large cells induce greater resistance to drought on 

nutrient-poor substrate, expressed as reduced canopy browning and greater canopy 

greenness, i.e., less stress-induced damage. 

We found only two studies on the joint effects of soil heterogeneity and drought on 

plant communities, and they produced contrasting results. The first one (Fridley et 

al. 2011) was observational and used the existing natural variation in soil 

heterogeneity in a species-rich limestone grassland in the UK. They found that, 
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contrary to our study, fine-scaled soil heterogeneity buffered long-term responses to 

imposed changes in temperature and rainfall, although community reorganization 

underlied the community resistance which we did not study. The other study (Xi et 

al. 2015) varied soil heterogeneity experimentally in grassland mesocosms by 

adding organic N compounds, and found little influence of the spatial pattern of this 

addition on responses to reduced rainfall (simulated under a shelter). This is also not 

in line with our findings. Several reasons may be responsible for the difference, for 

example, the drought treatment in Xi et al. (2015) was chronic rather than an event, 

and clonal and N-fixing species were present which may blur effects of 

heterogeneity (De Kroon and Bobbink 1997; Baer et al. 2015). More important, 

however, might be the lack of measurements on vegetation properties other 

examining of the drought on factors except than biomass in this study (e.g. canopy 

greenness and browning), which was key to explaining the responses in our 

experiment. 

5.5 Conclusion 

Soil heterogeneity aggravated the impact of a drought event in a grassland 

community. This was mostly caused by more water depletion due to the higher  root 

biomass at higher soil heterogeneity, which was mediated mostly through the 

response in the nutrient-poor substrate, and much less in its nutrient-rich counterpart. 

Our study suggests that it is important to consider soil heterogeneity to more 

accurately predict the impacts of changes in precipitation regimes in the context 

climate change in terrestrial ecosystems. 
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Appendix 5-1 Plant species used in the experiment and their Ellenberg’s indicator value for 

nitrogen (N), which are used to separate the species into two types, i.e. low N (type 1) and 

high N (type 2)  

Species Family Type N value 

Achillea ptarmica L. Asteraceae 1 2 

Agrostis capillaris L. Poaceae 1 4 

Berteroa incana (L.) DC. Brassicaceae 1 4 

Briza media L. Poaceae 1 2 

Festuca ovina L. Poaceae 1 1 

Hypericum perforatum L. Hypericaceae 1 4 

Koeleria macrantha (Ledeb.) Schult. Poaceae 1 2 

Leucanthemum vulgare Lam. Asteraceae 1 3 

Nardus stricta L. Poaceae 1 2 

Poa compressa L. Poaceae 1 3 

Rumex acetosella L. Polygonaceae 1 2 

Vulpia myuros (L.) C.C.Gmel Poaceae 1 1 

Species Family Type N value 

Brachypodium sylvaticum (Huds.) 

Beauv. 

Poaceae 2 6 

Dactylis glomerata L. Poaceae 2 6 

Epilobium hirsutum L. Onagraceae 2 8 

Festuca gigantea (L.) Vill. Poaceae 2 6 

Geranium robertianum L. Geraniaceae 2 7 

Lolium perenne L. Poaceae 2 7 

Melica uniflora Retz. Poaceae 2 6 

Nepeta cataria L. Lamiaceae 2 7 

Poa pratensis L. Poaceae 2 6 

Poa trivialis L. Poaceae 2 7 

Silene dioica (L.) Clairv. Caryophyllaceae 2 8 

Taraxacum officinale F.H.Wigg Asteraceae 2 8 
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Appendix 5-2a At mesocosm scale, effects of cell size, measurement date and their interaction in GLMMs on soil water content in the drought 

treatment during drought and recovery, in mesocosms with cell sizes 0, 12, 24 and 48 cm. F-values, P-values and degrees of freedom (dfbetween-

groups, dfwithin-groups), with significant results (P < 0.05) in bold 

Source Soil water content in drought treatment 

During drought During recovery 

 df F P df F P 

Cell size 2, 502 6.106 < 0.001 3, 250 0.355 0.786 

Date 1, 502 4936.743 < 0.001 1, 253 43.212 < 0.001 

Cell size × Date 3, 502 26.545 < 0.001 3, 247 0.358 0.783 
 

Appendix 5-2b At substrate scale, effects of cell size, substrate type (nutrient-rich vs. nutrient-poor), measurement date and their interactions in 

GLMMs on soil water content in the drought treatment during drought and recovery, in mesocosms with cell sizes 12, 24 and 48 cm. F-values, P-

values and degrees of freedom (dfbetween-groups, dfwithin-groups), with significant results (P < 0.05) in bold 

 Soil water content in drought treatment 

Source During drought During recovery 

df F P df F P 

Cell size 2, 600 13.530 < 0.001 2, 297 8.416 < 0.001 

Substrate type 1, 600 2324.717 < 0.001 1, 297 153.330 < 0.001 

Date 1, 600 7109.169 < 0.001 1, 297 55.743 < 0.001 

Cell size × Substrate type 2, 600 17.111 < 0.001 2, 297 15.252 < 0.001 
Cell size × Date 2, 600 20.404 < 0.001 2, 297 9.714 < 0.001 
Substrate type × Date 1, 600 938.545 < 0.001 1, 296 0.034 0.854 

Cell size × Substrate type × Date 2, 600 10.470 < 0.001 2, 294 1.738 0.178 
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Appendix 5-3a At mesocosm scale, effects of cell size, measurement date and their 

interaction in GLMM on canopy browning in the drought treatment during drought, in 

mesocosms with cell sizes 0, 12, 24 and 48 cm. F-values, P-values and degrees of freedom 

(dfbetween-groups, dfwithin-groups), with significant results (P < 0.05) in bold 

Source Canopy browning 

df F P 

Cell size 3, 112 0.432 0.730 

Date 1, 112 147.820 < 0.001 

Cell size × Date 3, 112 5.363 0.020 

 

Appendix 5-3b At substrate scale, effects of cell size, substrate type (nutrient-rich vs. 

nutrient-poor), measurement date and their interactions in GLMM on canopy browning in 

the drought treatment during drought, in mesocosms with cell sizes 12, 24 and 48 cm. F-

values, P-values and degrees of freedom (dfbetween-groups, dfwithin-groups), with significant results 

(P < 0.05) in bold 

Source Canopy browning 

df F P 

Cell size 2, 132 1.616 0.203 

Substrate type 1, 132 2.955 0.088 

Date 1, 132 371.601 < 0.001 
Cell size × Substrate type 2, 132 4.396 0.014 

Cell size × Date 2, 132 13.632 < 0.001 

Substrate type × Date 1, 132 19.729 < 0.001 
Cell size × Substrate type × Date 2, 132 16.264 < 0.001 
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Appendix 5-4a At mesocosm scale, effects of cell size, measurement date and their interaction in GLMMs on canopy greenness in the drought 

treatment during drought and recovery, in mesocosms with cell sizes 0, 12, 24 and 48 cm. F-values, P-values and degrees of freedom (dfbetween-

groups, dfwithin-groups), with significant results (P < 0.05) in bold 

 Canopy greenness in drought treatment 

Source During drought During recovery 

df F P df F P 

Cell size 2, 322 10.589 < 0.001 3, 205 0.103 0.958 

Date 1, 322 432.049 < 0.001 1, 208 13.185 < 0.001 

Cell size × Date 3, 322 16.293 < 0.001 3, 202 0.334 0.801 

 

Appendix 5-4b At substrate scale, effects of cell size, substrate type (nutrient-rich vs. nutrient-poor), measurement date and their interactions in 

GLMMs on canopy greenness in the drought treatment during drought, in mesocosms with cell sizes 12, 24 and 48 cm. F-values, P-values and 

degrees of freedoms (dfbetween-groups, dfwithin-groups), with significant results (P < 0.05) in bold 

Source df F P 

Cell size 2, 132 12.185 < 0.001 

Substrate type 1, 132 17.218 < 0.001 

Date 1, 132 209.857 < 0.001 
Cell size × Substrate type 2, 132 25.099 < 0.001 
Cell size × Date 2, 132 8.544 < 0.001 
Substrate type × Date 1, 132 10.458 < 0.001 
Cell size × Substrate type × Date 2, 132 19.524 < 0.001 



CHAPTER 6 SYNTHESIS AND DISCUSSION 

131 

 

CHAPTER 6 SYNTHESIS AND DISCUSSION 

The general findings from our experiments are summarised in section 6.1. Section 

6.2 discusses the caveats in the experiments. Potential applications of the findings 

are proposed in section 6.3. In section 6.4 future research directions are suggested. 

6.1 General findings 

Soil resources (e.g. water, nutrients) are distributed heterogeneously. However, 

many co-occurring factors make it difficult to precisely attribute cause and effect 

when investigating influences of heterogeneity from observation in nature. This can 

be facilitated by controlled experiments, where factors other than soil heterogeneity 

are kept constant. Yet, previous experimental studies created soil heterogeneity only 

in two dimensions, either horizontally or vertically, while soils are heterogeneous in 

three dimensions. Accordingly, we developed a novel technique (Chapter 2), where 

soil heterogeneity is manipulated in wooden boxes by filling different substrates 

layer by layer in all dimensions, making each level of soil heterogeneity appear like 

a three-dimensional chessboard. Soil heterogeneity includes a qualitative and a 

configurational component. The former can be altered by varying the substrate type, 

for instance mixing potting soil and sand in different ratios (the higher the contrast 

between the substrates, the higher the soil heterogeneity); while the latter can be 

adjusted by systematically varying the cell size from very large to very small (the 

smaller the cell size, the higher the soil heterogeneity). We conducted two 

experiments with this technique. One was aiming to explore the effects of soil 

heterogeneity on the structure and functioning of plant communities in the absence 

of stressors. The other was targeted to investigate the responses of plant 

communities to the joint effects of soil heterogeneity and drought. Both of these 

experiments included four levels of soil heterogeneity (cell size 0, 12, 24 and 48 

cm), and 24 species occurring in grasslands in Belgium were applied. The Ellenberg 

Nitrogen Value was used to select plant species, and species that can significantly 

modify soil heterogeneity (e.g. clonal and N-fixing species) were excluded from the 

experiments. 

Effects of soil heterogeneity on root distribution of plant communities in 

experimental mesocosms were explored in Chapter 3. Specially, we examined two 

hypotheses. The first one is that plants growing on nutrient-poor substrate can more 

easily explore nutrients from neighbouring nutrient-rich substrates when cell size is 

smaller (higher soil heterogeneity). Such easier access allows these plants to invest 

relatively less in roots and thus have lower root/shoot ratios, comparing with plants 

growing in mesocosms with lower heterogeneity. This was partly supported by our 

findings at mesocosm scale of marginally higher root/shoot ratio, significantly 
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lower shoot biomass, and similar root biomass at cell size 48 cm relative to the 

smaller cell sizes (0, 12, and 24 combined), as well as by our finding at layer scale 

that the fraction of the total root biomass occurring in nutrient-rich patches declined 

with increasing cell size. The easier ingrowth of roots from plants established on 

nutrient-poor substrate into nearby nutrient-rich substrate when soil heterogeneity is 

higher, as conjectured under the first hypothesis, would also lead to more divergent 

root biomass between nutrient-poor and nutrient-rich cells, and thus a more 

heterogeneous root biomass distribution. However, there was no significant effect 

of cell size on the CV of root biomass at mesocosm scale. Yet, a more 

heterogeneous root distribution at higher levels of soil heterogeneity was supported 

by the evidence that the nearly equal root biomass of nutrient-poor and nutrient-rich 

substrate observed at cell size 48 cm diverged at smaller cell sizes. The second 

hypothesis is that plants growing on nutrient-poor cells in the top layer have to 

invest more roots to acquire the same amount of resources than plants growing on 

nutrient-rich cells in the top layer. The required greater investment should diminish 

as cells get smaller, causing differences in total root biomass between adjacent soil 

columns to fade. At the higher heterogeneity level of cell size 12 cm, the root 

biomass in the whole soil column was indeed similar for nutrient-rich and nutrient-

poor on top, indicating that 12 cm of poor soil in the top layer could be overcome 

without substantial additional investment in roots. Surprisingly, the root biomass of 

nutrient-rich and nutrient-poor on top were also similar at cell size 24 cm, where 

roots had to grow to a depth of 24 cm to find more resources. Most likely, plant 

roots proliferate further down even with nutrient-rich substrate on top, and to the 

same extent at cell size 12 and 24 cm, equalizing the root biomass in the different 

column types and cell sizes. 

Effects of soil heterogeneity on plant diversity in experimental mesocosms were 

investigated in Chapter 4. Three related hypotheses were put forwarded. The first 

one is that species diversity is higher in mesocosms with higher soil heterogeneity 

(smaller cell size), because there are more edges between nutrient-rich and nutrient-

poor patches. Since nutrient-rich patches are expected to yield high biomass and 

thus low light intensity, and nutrient-poor patches low biomass and thus high light 

intensity, this greater amount of edges would create greater spatial variation in light 

intensity than in mesocosms with lower soil heterogeneity, and thus more light 

niches. Yet, cell size did not affect the coefficient of variation of light transmission 

CV(TPAR) at mesocosm scale: shoot biomass was similar on nutrient-rich and 

nutrient-poor substrate, as well as high enough to produce low TPAR values, across 

the 0-12-24 cm cell size range, thus offering little potential for light niche 

differentiation. We attributed this shoot biomass similarity to easier root access of 

plants growing on nutrient-poor patches to soil resources in neighbouring nutrient-
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rich patches when cell size is smaller (cf. Chapter 3). However, we cannot exclude 

that the observed positive soil heterogeneity – species diversity (SHD) response 

across part of the cell size range was caused by the presence of more light niches 

before full light interception was reached, as biomass would be expected to increase 

faster on nutrient-rich than on nutrient-poor substrate. The second hypothesis is 

that species diversity declines towards higher soil heterogeneity because slow 

growing species are eliminated by species with better foraging abilities (often fast 

growers) that can better exploit the more dispersed soil resources when cell size is 

smaller. We found species richness did drop across one part of the SHD range (from 

12 to 0 cm); however, the underlying cause was opposite: high N species were lost 

instead of low N species. Possibly, very small patches of nutrient-rich substrate 

offer insufficient resources to maintain a large diversity of fast growing species. 

This would also explain why these fast growers could not outcompete the slow 

growing species from cell size 12 to 0 cm. The explanation of insufficient resources 

at very small cell size would not be incompatible with the observed increase of the 

diversity of the high N species on another part of the cell size range, i.e. from 48 to 

12 cm. The latter could arise from relaxation of intense competition among these 

fast growing species, and thus low diversity, from cell size 48 towards 12 cm, 

especially in nutrient-rich patches. Different underlying reasons for species 

impoverishment at both very low and high heterogeneity may thus explain the 

unimodal SHD relationship, similar to other unimodal plant diversity patterns such 

as diversity-productivity and diversity-disturbance. The last hypothesis is that, with 

increasing soil heterogeneity, root access of plants growing on nutrient-poor patch 

to neighbouring nutrient-rich patch is improved by the shorter distance, stimulating 

productivity. This increases light competition on the poor patch and thus reduces 

species diversity there. In contrast, communities growing on nutrient-rich patch 

become less productive with increasing heterogeneity because resources are then 

more easily withdrawn by neighbouring species on nutrient-poor patch at closer 

distance. This decreases light competition on the nutrient-rich patch and thus 

increases species diversity there. The balance of these changes on the two substrates 

will determine the species diversity response to heterogeneity at mesocosm scale. 

Yet, on nutrient-poor patch the expected diversity trend was not confirmed whereas 

the underlying biomass and light responses were observed, which was opposite on 

nutrient-rich patch. Nevertheless, we think that the mechanisms in this hypothesis, 

which basically consider only shading within a patch, might still hold, but could be 

blurred by the associated, simultaneous effects of shading by the neighbouring 

patches. 

Responses of plant communities to the joint effects of soil heterogeneity and 

drought were examined in Chapter 5. We proposed two hypotheses. One is that 
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plants growing on nutrient-rich and nutrient-poor substrate are expected to respond 

differently to drought. Plants growing on nutrient-rich substrate are assumed to be 

more productive than those on nutrient-poor substrate, leading to higher water 

consumption and faster depletion of soil water reserves during drought, ultimately 

resulting in faster and/or increased levels of drought stress on nutrient-rich substrate. 

However, the higher water-holding capacity of the nutrient-rich substrate may 

reduce such a negative effect. Moreover, recovery on nutrient-rich substrate is 

expected to be faster because of the higher abundance of resources. In line with 

these expectations, more shoot and root biomass was found on nutrient-rich than on 

nutrient-poor patches. During drought, decreasing soil water to 50% of the total 

available amount in nutrient-rich substrate took 8.8 ± 0.4 days, while it took 5.9 ± 

0.6 days for nutrient-poor substrate. Thus, slower water depletion in nutrient-rich 

substrate can be ascribed to the higher water-holding capacity of this substrate. An 

expected faster recovery from the drought on nutrient-rich substrate was confirmed 

since we found that reaching 80% of the peak green cover during recovery took 15 

days on average for plants growing on this substrate (cell size 48), while it took 19 

days on average for plants growing on nutrient-poor substrate (cell size 48). Thus, 

plants growing on nutrient-rich substrate recovered faster than plants on nutrient-

poor substrate. The other hypothesis was that soil heterogeneity modulates these 

substrate-specific responses of plants since (a) increasing heterogeneity implies a 

shorter distance between nutrient-rich and nutrient-poor substrate, which makes it 

more likely for plants on nutrient-poor substrate to access resources from adjacent 

nutrient-rich patches; while (b) this process would at the same time increase root-

crowding in nutrient-rich patches at higher heterogeneity, leading to faster depletion 

of and increased competition for soil water in these patches, in turn resulting in 

more drought stress. These expectations were partly confirmed. On the one hand, 

we indeed found more root and shoot biomass on nutrient-poor substrate when cell 

size was smaller, suggesting that plants growing on this substrate indeed had better 

access to nutrients when soil heterogeneity was higher. The expected greater root-

crowding in nutrient-rich patches at higher heterogeneity, and the subsequent faster 

depletion of soil water and increased drought stress, on the other hand, were not 

supported: both shoot and root biomass and the decline of SWC were not affected 

by cell size on nutrient-rich substrate. Possibly, the loss of resources from nutrient-

rich to nutrient-poor patches, even when it increases when soil heterogeneity is 

higher, remains limited relative to the large amounts of available resources in 

nutrient-rich substrate. Yet, the slower depletion of soil water at large than at small 

cell size in nutrient-poor substrate (owing to the aforementioned lower biomass) 

clearly demonstrates that soil heterogeneity does negatively influence the responses 

of plants to drought, though not in the way proposed by Hypothesis 2. In particular, 
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large cells induce greater resistance to drought on nutrient-poor substrate, expressed 

as reduced canopy browning and greater canopy greenness, i.e., less stress-induced 

damage. 

These findings were obtained with a novel technique to create soil heterogeneity in 

three dimensions, where the two main components of heterogeneity (i.e. qualitative 

and configurational heterogeneity) can be modified independently (Chapter 2). We 

only varied configurational heterogeneity by systematically altering cell size from 

large to small, while using the same two substrate types (nutrient-rich and nutrient-

poor) across all levels of soil heterogeneity. While we confirmed several findings 

from previous two-dimensional soil heterogeneity experiments, we also detected 

new phenomena and principles which were not known from previous work. 

Specifically, soil heterogeneity affected plant communities by altering the root 

distribution pattern in three dimensions (Chapter 3); and by modifying species 

diversity according to a unimodal relationship with soil heterogeneity (Chapter 4). 

Soil heterogeneity negatively affected the responses of plants to a drought by 

influencing soil water content, canopy browning and green cover especially on 

nutrient-poor patches (Chapter 5). 

6.2 Limitations of the experiments 

(1) Artificial soil vs. natural soil: Experiments in this thesis were conducted with 

artificial soils, created by mixing potting soil and sand in different ratios (note that 

the sand/soil ratio was increased from 20%/80% in the first experiment to 10%/90% 

in the second experiment, in order to increase the contrast between nutrient-rich and 

nutrient-poor substrate, and thus the chance to find significant differences). 

Artificial soils created with this method allow maintaining the patch size stable at 

each soil heterogeneity level, which is hard to achieve with other methods, such as 

injecting nutrients or adding fertilizer in a clumped pattern. However, such soils 

may be different from natural soils, which are created by diverse organic inputs and 

complex microbial decomposition processes (Robinson 1994; Fransen and de Kroon 

2001). Moreover, in nature, these inputs and decomposition processes vary spatially 

and temporally, which is far more complex that simply mixing soil and sand in 

controlled experiments (Hutchings et al. 2000; Maestre et al. 2006). In the future, to 

mimic natural soils, organic soils should be applied in soil heterogeneity 

experiments since they allow the growing plants to interact with species-specific 

soil biota (de Kroon et al. 2012). Note, however, that applying organic soils in 

controlled experiments may precisely impede the detection of plant responses to soil 

heterogeneity given the complicated legacy effects of plant-soil feedback in organic 

soils. Therefore, our experiments conducted at mesocosm scale are not intended to 
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mimic the general complexity of nature; instead, they allow us to reveal interactions 

that may occur in natural conditions. 

(2) Cell size vs. mesocosm size: Although we believe that a cell size equal to the 

mesocosm scale can be applied as part of a heterogeneity gradient, researchers may 

still opt to keep the cell size smaller than the mesocosm scale to avoid the large 

variation in the statistical analyses when combining mesocosms with pure nutrient-

rich and pure nutrient-poor substrate. Moreover, the extreme ends of the cell size – 

soil heterogeneity system also give rise to complications for another reason. We 

treated cell size 0 as the highest heterogeneity, and cell size 48 as the lowest. Some 

previous studies have treated the former as homogeneous, but this leads to low 

heterogeneity at both ends of the cell size scale and thus no systematic relationship 

between cell size and heterogeneity. We hold the view that heterogeneity is 

inversely related to cell size across all spatial scales. Our view is based on (a) the 

fact that plant roots extract nutrients at the millimetre scale, and would thus 

encounter a series of micro-patches of nutrient-rich and nutrient-poor soil across a 

very short distance (Hutchings et al. 2003), and (b) considering the mixture as 

homogeneous would imply that the gradient at one point would suddenly change 

from absolute maximum heterogeneity (very small but still distinct cells) to absolute 

minimum heterogeneity (homogeneity), even though the cell size was 

systematically further decreased (Eilts et al. 2011). This perspective can be 

supported by calculating the fractal dimension D = log N/log M, where N is the 

number of cubes and M is the magnification factor, the latter in this case being the 

number of layers in a mesocosm. Resulting fractal dimensions of nutrient-rich and 

nutrient-poor soils are 1, 2, 2.5 and infinite when cell size decreases from 48 to 24, 

12 and 0, respectively. As mentioned in the general introduction, soil heterogeneity 

in our case refers to the physically created soil heterogeneity, which is modified by 

other processes, for example, added irrigation or rainfall may homogenize such 

heterogeneous pattern, while mycorrhizal fungi may also accelerate or decelerate 

the homogenization process. As such processes were not measured our results 

should be interpreted and extrapolated with caution.  

(3) Root system size vs. patch size: The relationship between the size of the root 

system and patch size is crucial in studying soil heterogeneity since plants can 

respond to patches only when they can detect such pattern (Kolasa and Rollo 1991). 

However, similar to earlier studies with multiple plant species, we could not 

separate the roots by species, which hampered us to explore the root system sizes in 

mesocosms with different cell sizes. Applying techniques to detect roots by species 

without affecting root growth (e.g. agar or transplant gel, Morris et al. 2017; 

rhizotron, Yuan et al. 2016; stable isotopes, Mommer et al. 2012; computed 
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tomography techniques, X-ray and CT, Mairhofer et al. 2015; magnetic resonance 

imaging, van Disschoten et al. 2016) in heterogeneity studies can improve our 

understanding of root performance in heterogeneous soils. However, applying these 

techniques in the field or experiments may still be problematic since their resolution, 

throughput, and cost-efficiency may not be high enough. Recently, some techniques 

have been proposed, such as gellan gum growth systems with superior optical 

clarity, to facilitate 2D and 3D imaging of plant root systems over time (Fang et al. 

2009). Clark et al. (2011) developed a novel imaging and software platform to 

explore the high-throughput phenotyping of root traits in 3D during seedling 

development. 

(4) Spatial heterogeneity vs. temporal heterogeneity: During the experiments, the 

original soil heterogeneity pattern may be diluted by abiotic and biotic factors. For 

example, adding water or natural rainfall may make resources flow or leach from 

nutrient-rich substrate to nutrient-poor substrate horizontally and vertically, or vice 

versa. Plant-soil interaction may modify the original soil heterogeneity, for example, 

deep-rooted species can re-distribute soil resources (e.g. water) from deep layers to 

shallow layers via hydraulic lift. Such changes of soil heterogeneity through time 

(known as temporal heterogeneity) should be considered, but compared with spatial 

heterogeneity they are much less-well studied, and also in our experiments we could 

not separate the effects of temporal heterogeneity from spatial heterogeneity on the 

structure and functioning of plant communities. To explore effects of temporal 

heterogeneity, soil distribution patterns should be measured frequently, if possible, 

non-destructively and in real-time. 

6.3 Applications 

In summary, in our experiments, mesocosms with higher soil heterogeneity tended 

to yield more shoot biomass, and a root biomass that is distributed more 

heterogeneously. Mesocosms with intermediate soil heterogeneity supported more 

plant species. Soil heterogeneity negatively impacted the responses of plant 

communities to drought. We now examine whether our findings may be applied to 

sustainable agriculture and conservation and restoration ecology in order to promote 

sustainable provision of ecosystem services in a rapidly changing world (van der 

Putten 2013). 

(1) Sustainable agriculture: The aim of sustainable agriculture is to maintain or 

increase outputs without increasing inputs. This can be achieved with the 

accumulated knowledge from the past (Weiner 2017). However, the underlying 

mechanisms of many practices applied in sustainable agriculture are still unclear, 

and little practical guidance is available for farmers. Conventional activities (e.g. 
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tilling, sowing of suitable cultivars, and adding fertilizer) can significantly affect 

crop yields, but some of them tend to homogenize soil conditions, which at the 

same time constrains crop yields. Based on our results, yields might be enhanced by 

applying the same amount of fertilizer heterogeneously. Alternatively, one could 

aim at the same yield whilst applying less fertilizer but in a heterogeneous fashion, 

in order to decrease detrimental effects of excessive fertilizer application on the 

environment. In irrigated agriculture there is a good example of maintaining similar 

yield with less input, by applying only half the amount of water compared with a 

control treatment (called ‘partial root drying’, Kang et al. 2000; Shahnazari et al. 

2007). In this case, half of the crop’s rooting zone is left dry, while the other half is 

irrigated. These two sides are alternated in subsequent irrigations. Such partial root 

drying can increase water use efficiency and save water, without decreasing yield 

relative to full irrigation. This can be explained by Liebig’s ‘law of the minimum’, 

which states that when a required resource is at a low level, the yield increases 

linearly with increasing resource supply, until the resource reaches high levels 

where there is no response to further addition of the resource. In other words, the 

resource use efficiency is high when the resource level is low and limiting, but it 

becomes low when resource supply levels are high. Likewise, adding fertilizer in a 

spatially heterogeneous way might increase productivity. At a large scale, sowing 

different crops (e.g. deep-rooting and less deep-rooting barley or wheat varieties) in 

different fields according to the prevailing soil water availability may increase the 

average productivity per unit area (King 2017). Furthermore, novel techniques can 

be applied in agriculture to help maintain or improve crop yields, for instance, 

chlorophyll concentration of crops can be measured with remote sensing to estimate 

the level of soil heterogeneity since healthy vegetation on nutrient-rich patches, 

reflects less red light. In conclusion, mechanisms of soil heterogeneity could be 

applied more than today in sustainable agriculture (Patzold et al. 2008). 

(2) Conservation and restoration ecology: In order to successfully restore diverse 

native communities, restoration ecologists need to understand the coexistence 

mechanisms of species (Hobbs et al. 2004; Suding 2011; Hulvey et al. 2014), where 

soil heterogeneity is likely to be one of the main mechanisms (Lundholm 2009). By 

evaluating the soil properties and vegetation distribution pattern on mobile sand 

dunes, Zuo et al. (2009) found that spatial heterogeneity in soil properties indeed 

promoted the restoration of these systems (soil properties explained 68.1% of the 

species distribution pattern). However, both biotic and abiotic factors may modulate 

effects of soil heterogeneity on the restoration process. For example, restoration 

attempts via seed addition in semi-arid ecosystems appeared to work better when 

invasive shrubs had first increased the soil heterogeneity via redistribution of 

resources (e.g. rainfall) (Li 2005). Conversely, in the study of Baer et al. (2005), the 
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presence of dominant species reduced the positive effects of resource heterogeneity 

on restoration since these dominants impoverished the diversity in the community. 

However, this could be overcome by grazing and repeated seed addition, which 

reduced the dominance (Martin and Wilsey 2006; Baer et al. 2015). Finally, our 

finding that intermediate levels of soil heterogeneity support the highest plant 

species diversity might be applied in restoration attempts with seed addition, by 

matching the diversity level of the seed mixture to the potential species diversity to 

be expected based on the soil heterogeneity. For example, when the target 

environment is very homogeneous or very heterogeneous, the appropriate 

restoration aim to be reached by seed addition could be set a lower level of diversity 

compared with target environments with intermediate soil diversity.  

6.4 Future research 

Three classical methods have been applied to study effects of soil heterogeneity in 

environmental research, i.e. observation, modelling and manipulative experiments. I 

will discuss possible avenues of further research for each of them (Fig. 6-1): 

(1) Observation: One topic is to explore effects of soil heterogeneity on phenology. 

Phenology is the study of the timing of seasonal activities of animals and plants. It 

is a good indicator to track climate change (Bairlein et al. 2001; Menzel and Estrella 

2001): since the 1960s, spring phenology has generally advanced while autumn 

phenology is delayed. Yet, the observed patterns are heterogeneous (Menzel 1999; 

Menzel et al. 2001). For example, some species exhibit very large advances in early 

spring and nearly no change in summer and early autumn (Bradley et al. 1999; 

Menzel et al. 2001). In trees, neighbouring stations often record contradictory trends 

in leaf colouring (Menzel et al. 2001), which could be linked with soil heterogeneity. 

Indeed, soil fertilization has been found to alter bud burst of different species, for 

example, delaying poplar trees (Sigurdsson 2001) and advancing spruce seedlings 

(Luoranen and Rikala 2011). Soil heterogeneity may be the key to explain the 

underlying mechanisms of such patterns in plant phenology. 

Another topic is exploring the plant responses to resources at the microscale. For 

example, on a large scale, soil water availability gradually decreases from the top 

layer to deeper layers since the top layer soil dries faster. However, water 

distribution in soil is heterogeneous at a much smaller scale. At the microscale, soils 

consist of solids, and air and liquid that fill the gaps between aggregates (Kirkham 

2005; Feng et al. 2016). Roots respond to this microscale water heterogeneity with 

different strategies. A classical strategy is hydrotropism, which refers to roots 

growing towards conditions with more water. Gravitropism (Dietrich et al. 2017), 

the sensing of gravity and responding by growing downwards, usually also enhance 
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access to water (Moriwaki et al. 2013). To avoid growing in salty conditions, plants 

grow roots away from salty patches, mediated by auxin redistribution (known as 

negative halotropism, Galvan-Ampudia et al. 2013). Finally, when the primary root 

grows in a given water availability condition, lateral roots prefer to grow on the side 

where water use efficiency can be increased. Under drought, species can shift their 

root growth to shallow layers, relaxing the competition for water in deeper soil 

(Hoekstra et al. 2014). Methods need to be developed to detect heterogeneity at 

these very high levels of resolution, similar to (but also beyond) the cm-scale 

mapping of nutrient distributions in soils that can be realized with geostatistical 

techniques (Jackson and Caldwell 1993; Stark 1994). 

 

Figure 6-1 Future research directions in soil heterogeneity, grouped by the study method, 

i.e. observation, modelling and experiment. Climate change will be relevant to all fields of 

study 

A third interesting topic is investigating the effects of soil heterogeneity on alien 

invasive species. Owing to their higher nutrient capture ability, invasive plant 

species took more advantage of soil heterogeneity than native species (James et al. 

2009). Positive effects of soil heterogeneity were also found in other studies, for 

example, on the invasive, clonal plant Alternanthera philoxeroides which produced 

more biomass in heterogeneous treatments (Zhou et al. 2012), and on the invasive 

grass red brome (Hom et al. 2017) where soil heterogeneity increased growth and 

seed production under early fall precipitation. Moreover, Chen et al. (2017) found 

that soil nutrient heterogeneity promoted the invasion of the exotic species Bidens 

pilosa and Mikania micrantha, which was attributed to they had larger foraging 

scale, and stronger competitive ability and greater root activity comparing to the 
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native species Bernonia cinerea and Paederia scandens. Apart from being 

promoted by soil heterogeneity, invasive species may also be promoted by ongoing 

climate change. By altering current growing conditions (both biotic and abiotic) for 

native plants, and resulting mismatches between local conditions and the 

requirements of native species, niches may open up for alien species, allowing them 

to invade into adjacent new sites. However, so far, no studies to our knowledge 

have explored the joint effects of soil heterogeneity and climate change on plant 

invasion. Such studies may provide clues to understand the spread of alien species 

and possibly also management advice. 

(2) Modelling: Existing models on soil heterogeneity focus on simulating the 

heterogeneous distribution of soil resources themselves (e.g. water, nutrients), or the 

responses of plants to such distribution patterns. In the former case, for example, the 

heterogeneous distribution of soil water (Gimona and Birnie 2001; Vazquez et al. 

2005; Couvreur et al. 2014; Chaney et al. 2015; Jin et al. 2015), and contaminant 

transport in soil (Nezhad et al. 2011, 2013) were simulated. The scale of these 

studies varied from the landscape (Gimona and Birnie 2001) to the microscale 

(Couvreur et al. 2014), and different types of models were applied (e.g. Fractal 

models, Vazquez et al. 2005; Soil and Water Assessment Tool model, Jin et al. 

2015). In the latter case, modellers explored the effects of soil heterogeneity on root 

growth (Li et al. 2015), nutrient acquisition and plant competition (Jackson and 

Caldwell 1996), and fungal growth (Pajor et al. 2010). However, the three-

dimensional distribution pattern of soil resources is rarely considered in simulation 

modelling, while our experimental studies identified some phenomena unknown 

from previous two-dimensional studies. Moreover, ongoing climate change alters 

the responses of plants to soil heterogeneity (Maestre et al. 2006; Garcia-Palacios et 

al. 2011; Farcia-Palacios et al. 2012), therefore considering such joint effects in 

models may help researchers to improve predictive capacity. 

(3) Experiments: Most soil heterogeneity studies have included only one or two 

species, yet the response of communities composed of multiple species to soil 

heterogeneity does not necessarily reflect the combined responses of the single 

species. Moreover, also the species themselves have a spatial distribution (plant 

heterogeneity hereafter), which can affect the functioning of the system. A first 

interesting topic is thus the exploration of the combined effects of soil heterogeneity 

and plant heterogeneity on ecosystem processes and community structure. 

Compared with randomly mixed species, interspecific competition is significantly 

reduced in monospecific patches (De Boeck et al. 2006), which can improve the 

coexistence of weak competitors together with stronger ones (Wassmuth et al. 

2009). Possibly, new sowing technologies could take into account this advantage of 
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clumped distributions, in order to support agri-environmental schemes to increase 

biodiversity. 

A second relevant topic is the root economic spectrum, which refers to a set of 

trade-offs between a root’s lifespan and its maximum resource uptake rate 

(Mommer and Weemstra 2012; Reich 2014; Ma et al. 2018). Comparing with the 

leaf economic spectrum, which reflects a set of trade-offs between a leaf’s lifespan 

and its maximum photosynthetic rate (Edwards et al. 2014), the importance of the 

root economic spectrum is underestimated because roots are difficult to sample and 

characterise across plant species and biomes. However, Ma et al. (2018) analysed 

the observed traits of thick and thin roots, where the former rely more on 

mycorrhizal fungi for resource acquisition than the latter. These authors found two 

general evolutionary strategies of roots in vascular plants, i.e. a conservative 

(herbaceous plants) and an opportunistic (woody plants) strategy, where the former 

refers to plants allocating carbon to mycorrhizae to enhance their competitive ability 

under conditions with stable resources and intense plant-plant competition; and the 

latter refers to thin roots benefiting plants via rapid root growth under less 

predictable conditions (e.g., seasonal drought or cold). High soil heterogeneity can 

be considered as a predictable condition since the short distance between nutrient-

rich and nutrient-poor substrate allows plants to detect such a pattern easily 

compared with low soil heterogeneity where distances between the two substrates 

are larger. Hence, I conjecture that plants growing on highly heterogeneous soil will 

adopt the conservative strategy, while plants growing at low soil heterogeneity will 

tend to embrace the opportunistic strategy. This will require further experimental 

study. 

Finally, the interaction of soil heterogeneity, plants and arbuscular mycorrhizal 

fungi (AMF) could be another interesting topic for future research. Mycorrhizal 

fungi interact in symbiosis with more than 90% of terrestrial plants, most of which 

are arbuscular. They increase nutrient acquisition for most root systems, especially 

by exploiting transient rich patches (Duke et al. 1994). Likewise, Farley and Fitter 

(1999) and Bezemer et al. (2010) found that AMF distribution is not insensitive to 

soil heterogeneity. Yet, the possible interactions between soil heterogeneity, plant 

roots and AMF are not completely understood. Recent studies found that grass 

species withstand drought depending on the local AMF community (Petipas et al. 

2017), which may optimize their responses to drought at small scale. Thus, 

combined studies of soil heterogeneity and climate change (e.g. drought) as drivers 

of plant-AMF symbiosis (diversity, nutrient uptake, etc.) are needed. 
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In conclusion, there are still many future research needs on the role of soil 

heterogeneity at different scales. Applying the 3D technique, as done in this thesis 

for a limited number of ecosystem processes and properties, may help advance the 

field, together with advances in observation and modelling. 
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