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Abstract Recent meta-analyses and simulation studies

have suggested that the relationship between soil resource

heterogeneity and plant diversity (heterogeneity–diversity

relationship; HDR) may be negative when heterogeneity

occurs at small spatial scales. To explore different mech-

anisms that can explain a negative HDR, we conducted a

mesocosm experiment combining a gradient of soil nutrient

availability (low, medium, high) and scale of heterogeneity

(homogeneous, large-scale heterogeneous, small-scale

heterogeneous). The two heterogeneous treatments were

created using chessboard combinations of low and high

fertility patches, and had the same overall fertility as the

homogeneous medium treatment. Soil patches were

designed to be relatively larger (156 cm2) and smaller

(39 cm2) than plant root extent. We found plant diversity

was significantly lower in the small-scale heterogeneous

treatment compared to the homogeneous treatment of the

same fertility. Additionally, low fertility patches in the

small-scale heterogeneous treatment had lower diversity

than patches of the same size in the low fertility treatment.

Shoot and root biomass were larger in the small-scale

heterogeneous treatment than in the homogeneous treat-

ment of the same fertility. Further, we found that soil

resource heterogeneity may reduce diversity indirectly by

increasing shoot biomass, thereby enhancing asymmetric

competition for light resources. When soil resource heter-

ogeneity occurs at small spatial scales it can lower plant

diversity by increasing asymmetric competition below-

ground, since plants with large root systems can forage

among patches and exploit soil resources. Additionally,

small-scale soil heterogeneity may lower diversity indi-

rectly, through increasing light competition, when nutrient

uptake by competitive species increases shoot biomass

production.

Keywords Light competition � Microfragmentation �
Niche partitioning � Resource patchiness � Root foraging

Introduction

Soil resource heterogeneity characterizes most plant com-

munities (Fitter 1982; Jackson and Caldwell 1993) and is

widely considered to promote species coexistence and

diversity through increasing niche availability and thus

reducing interspecific competition (Grime 1974; Harrison

et al. 2010). The heterogeneity-diversity relationship

(HDR) is one of the principal concepts in ecology, and

until recently was assumed to be positive (Tilman 1982;

Silvertown 2004). However, there is little empirical evi-

dence for a positive HDR in experimental studies (Lund-

holm 2009), and this is especially true at small spatial

scales (i.e., small grain size or soil patches), where non-

significant or even negative HDRs appear to be more

common (Tamme et al. 2010). Many studies have reported

that individual plant species respond differently to
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heterogeneity of soil resources (Day et al. 2003; Maestre

et al. 2007; Rajaniemi 2007), but little is known about how

this impacts on plant communities. The few experimental

studies that have examined the effects of small-scale soil

resource heterogeneity on diversity have found positive,

neutral or negative results (e.g., Wijesinghe et al. 2005;

Reynolds et al. 2007; Wacker et al. 2008; Eilts et al. 2011).

These conflicting results are likely due to the interactive

effects of plant and grain size, and resource heterogeneity

(Eilts et al. 2011). Tamme et al. (2010) took into account

the relative sizes of plants and patches of heterogeneity,

and proposed several new concepts to explain negative and

neutral HDRs, which require further examination.

The mechanisms by which heterogeneity can lower plant

diversity depend partly on the size of the soil patches and

species root-foraging abilities (Farley and Fitter 1999;

Hutchings et al. 2003; Hodge 2004). When the scale of soil

resource patchiness is less than the size of individual plants,

a negative HDR can occur when some species perform better

in heterogeneous conditions. Hence, plants with larger and

more plastic root systems have an advantage in exploiting

resource-rich patches and can outcompete other species

(Levins 1979; Grime 1994; Wilson 2000; Hutchings et al.

2003; Rajaniemi 2007). Tamme et al. (2010) proposed the

term heterogeneity as a separate niche axis to describe this

situation where certain species are advantaged by hetero-

geneity per se. Belowground competition is usually con-

sidered to be size symmetric, but heterogeneity can result in

asymmetric competition when plants with good foraging

abilities access and deplete resource-rich patches, sup-

pressing other species through root competition (Hutchings

et al. 2000; Fransen and de Kroon 2001; Schenk 2006). The

effect of soil resource heterogeneity on diversity can also be

indirect by increasing above-ground productivity of those

species better able to access patchily distributed resources,

thereby increasing asymmetric light competition (Wilson

and Tilman 1993; Stevens and Carson 2002; Hautier et al.

2009; Lamb et al. 2009). Hence, heterogeneity as a separate

niche axis explains a negative HDR.

When the size of the patches is similar to, or exceeds,

the size of the root system of individual plants, greater

heterogeneity may increase isolation among similar pat-

ches, reducing the ability of species to forage among

suitable patches. Due to small-scale habitat ‘fragmenta-

tion’, plant individuals located in unfavorable patches face

an increased risk of mortality unless they are able to

occupy suitable patches through seed or vegetative dis-

persal (microfragmentation, sensu Tamme et al. 2010;

Laanisto et al. 2013). Microfragmentation is more likely to

occur when species are more specialized and adapted to a

narrower range of environmental conditions, since they are

more susceptible to being ‘isolated’ than other more gen-

eralist species (Laanisto et al. 2013).

We conducted a controlled greenhouse experiment to

determine the nature of the heterogeneity–diversity rela-

tionship, and to test several explanations for the HDR,

including the classic niche partitioning theory and some

more recent concepts. We established mesocosm commu-

nities of common temperate grassland species which were

grown in five treatments combining three levels of fertility

(low, medium, high) and two levels of soil resource

patchiness (large, small). The heterogeneity treatments had

the same overall fertility (medium), and were constructed

using chessboard combinations of low and high fertility

patches. Large patches were designed to be approximately

the same size or larger than root extent of common

grassland plants (12.5 9 12.5 cm), while small patches

were smaller than plant root extent (6.25 9 6.25 cm).

Comparable patch sizes have been used in similar experi-

ments (e.g., Wijesinghe et al. 2005), and are a reasonable

choice according to the size of common grassland species,

and their ability to exploit soil resources (Casper et al.

2003), particularly under greenhouse conditions.

Our main objective was to discover if the relationship

between small-scale resource heterogeneity and plant

diversity is positive, negative or neutral, and to determine

the underlying mechanisms. We used shoot and root bio-

mass as a proxy of overall community performance. Spe-

cifically, we considered the following hypotheses:

1. According to the traditional positive HDR, diver-

sity increases with heterogeneity. Hence, we expect

higher diversity in the large-scale heterogeneous

treatment than in the homogeneous treatments due to

the increase in niche availability. We expect that the

heterogeneous treatment should have greater biomass

than the homogeneous treatment of the same fertility

since niche complementarity favors community

performance.

2. According to heterogeneity as a separate niche axis

concept, when soil patches are approximately smaller

in size than plant root extent, heterogeneity may

decrease diversity by altering competitive hierarchies

since plants with large root systems are better able to

exploit resource-rich patches, thereby outcompeting

others. In this case, we expect that the small-scale

heterogeneous treatment will have lower diversity, and

higher productivity (shoot and root biomass) than the

homogeneous treatment of the same overall fertility

(medium). Additionally, low fertility patches of the

small-scale heterogeneous treatment should have

lower diversity and higher productivity than patches

of the same size in the low fertility treatment. We do

not expect differences in diversity and productivity

between the high fertility patches of the same size in

the small-scale heterogeneous and the high fertility

treatment.
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3. According to the microfragmentation concept, when

soil patches are larger than plant roots, diversity is

reduced (i.e., a negative HDR). Hence, we expect

lower diversity in the large-scale heterogeneous treat-

ment than in the homogeneous treatments. Heteroge-

neity reduces habitat patch size and increases isolation

among suitable patches, thus reducing plant perfor-

mance. Therefore, we expect that low and high fertility

patches in the large-scale heterogeneous treatment

should have lower diversity and productivity than

patches of the same size in the low and high fertility

treatments, respectively, due to the reduction in overall

habitat size and increasing isolation (i.e., surrounding

patches can have a different fertility level). In addition,

reduced plant performance in heterogeneous condi-

tions will result in lower shoot and root biomass in the

large-scale heterogeneous treatment than in the homo-

geneous treatment of the same fertility.

A summary of the three hypotheses and the expected

outcomes are shown in Table 1.

Materials and methods

Experimental design

We conducted a mesocosm experiment in a greenhouse at

the University of Tartu, Estonia (58�230N, 26�430E) from

February to June 2011. The experiment consisted of five

treatments (each replicated ten times) with three levels of

fertility (low, medium and high), and two scales of

resource heterogeneity (large and small patches; Fig. 1).

We used 50 galvanized steel square boxes

(25 9 25 cm 9 20 cm height), with six holes in the bottom

(diameter = 0.5 cm) to ensure water drainage. The fertility

gradient was created using three combinations of sand and

compost (Biolan Must Muld�; 100 mg N l-1, 200 mg P

l-1, 400 mg K l-1). The low fertility treatment (Low)

consisted of a 4:1 mixture of sand and compost, the medium

fertility treatment (Med) consisted of a 1:1 mixture of sand

and compost, and the high fertility treatment (High) con-

sisted of a 1:4 mixture of sand and compost. Each soil

mixture was thoroughly homogenized in a cement mixer.

For the heterogeneity treatments, we created chessboard

combinations of the 4:1 and 1:4 sand:compost mixtures

using two patch sizes. In the large-scale heterogeneity

treatment (HetL) each four contiguous quadrats contained

the same soil mixture (patch size of 12.5 9 12.5 cm). In the

small-scale heterogeneity treatment (HetS) every quadrat

was filled with a different soil mixture compared to its

neighbor (patch size of 6.25 9 6.25 cm). Hence, treatments

Med, HetL and HetS contained the same amount of nutri-

ents per box, but varied in the scale of heterogeneity, and

treatments Low, Med and High varied in the amounts of

nutrients which were distributed homogeneously. The het-

erogeneous treatments HetL and HetS had the same total

area of resource-poor and resource-rich patches but varied

in their spatial arrangement (Fig. 1). A metallic partition

was placed into each box before adding the sand and

compost mixtures to separate each quadrat. Quadrats were

filled to 5 cm depth with gravel in order to ensure water

drainage, and were then filled with the sand and soil mix-

tures. The partition was removed after filling the boxes so

all the quadrats were connected and root growth among soil

patches was enabled.

Table 1 Main hypotheses, expectations for the heterogeneity-diversity relationship (HDR) and comparisons tested in our experiment

Hypotheses Expectation Plant diversity Shoot and root biomass

Niche partitioning Positive HDR HetL [ Low

HetL [ Med

HetL [ High

HetL [ Low

HetL [ Med

HetL \ High

Heterogeneity as a separate niche axis Negative HDR HetS \ Med

Low in HetS \ Low

High in HetS = High

HetS [ Med

Low in HetS [ Low

High in HetS = High

Microfragmentation Negative HDR HetL \ Low

HetL \ Med

HetL \ High

Low in HetL \ Low

High in HetL \ High

HetL [ Low

HetL \ Med

HetL \ High

Low in HetL \ Low

High in HetL \ High

For each of the hypotheses, we performed different comparisons using the fertility (low, medium, high) and heterogeneity treatments (large,

small)

Low homogeneous low fertility, Med homogeneous medium fertility, High homogeneous high fertility, HetL heterogeneous large-scale, HetS

heterogeneous small-scale
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We added a seed mixture of 15 northern European

grassland species to each box on 15 February 2011. These

species were selected because they differ in plant traits

such as growth form, plant height and their preferences

for soil fertility (Table 2). Seeds were obtained from a

commercial seed supplier (B&T World Seeds, Paguignan,

Aigues-Vives, France). We ensured a minimum of 32 seeds

of each species per box (i.e., more than 1,600 seeds of each

species were used in the experiment). To include microbial

communities, we added 0.5 l of sieved natural grassland

soil to each box. Soil was collected from a local grassland,

air dried and sieved (mesh size = 0.1 mm) to remove

seeds and vegetative plant parts. The natural soil was

mixed with the seeds and spread on top of the soil and sand

mixtures. An additional two boxes per treatment contained

just natural soil, but no seeds, to determine potential con-

tamination from the grassland soil. The boxes were covered

with a transparent plastic sheet and watered every 2 days

for 15 days after sowing in order to maximize plant ger-

mination. To ensure that subsequent differences in plant

diversity among treatments were not caused by unequal

seed germination, we counted the number of shoots of each

species in four random quadrats per box 1 month after

starting the experiment. For each box, we calculated the

inverse of the Simpson’s dominance index (Gurevitch et al.

2002) using the number of shoots of each species as a

measurement of abundance. We compared the index of

diversity among the treatments and no significant differ-

ences were found (F4,45 = 0.96; P = 0.437; Online

Resource 1). After germination, the experiment ran for

90 days, giving a total duration of 105 days, which is

comparable to a growing season in northern Europe.

Growing conditions were full light (18 h light), air tem-

perature 17 �C, relative air humidity 75 %, and photosyn-

thetically active radiation 7.98 MJ m-2 day-1. Light

conditions for each box were measured every 2 weeks after

germination until 15 May, with a LI-190SA quantum

sensor and LI-250A light meter (LI-COR Biosciences,

USA). To obtain a measure of relative photosynthetic

active radiation (below vegetation light/above vegetation

light), we took four measurements below and one above the

vegetation layer in each box. To minimize position effects

in the greenhouse, boxes were randomized weekly.

Plants were harvested from 6 to 11 June 2011. For each

quadrat (16 per box), we recorded species richness, the

number of shoots per species, and harvested shoot biomass

for all species together (clipped at the soil surface). We

randomly selected two quadrats in each box to sample root

biomass from the homogeneous treatments (Low, Med and

High), while in the heterogeneous treatments (HetL and

HetS) we choose one low fertility and one high fertility

quadrat. To obtain the root samples, the entire block of soil

and roots was removed from the box, and the 16 smaller

quadrats of 6.25 9 6.25 cm 9 20 cm were cut and sepa-

rated from each other. Hence, the soil samples contained

both the roots of species rooted in the quadrat and those

foraging from neighboring quadrats. Soil samples were air

dried, and roots were carefully separated from the soil.

Shoot and root biomass were oven dried at 80 �C for 24 h

and weighed (precision = 0.01 g).

Statistical analyses

We compared plant diversity, and shoot and root biomass

at the end of the experiment using data from all the

quadrats. The inverse of Simpson’s dominance index

(Gurevitch et al. 2002) was calculated using the number of

shoots of each species as a measurement of abundance,

both at the box (25 9 25 cm) and quadrat scale

(6.25 9 6.25 cm). At the box scale, we used generalized

linear models (GLM) (Veneables and Ripley 2002) to test

the effect of the treatments on species diversity, and shoot

and root biomass, as well as root:shoot biomass ratio. We

considered the following a priori comparisons according to

our hypotheses: (1) HDR differs when comparing treatment

HetL to treatments Low, Med and High (hypotheses 1 and

Fig. 1 a Diagrammatic

representation of the fertility and

heterogeneity treatments used in

the experiment and b photograph

of plants in the small-scale

heterogeneous (HetS) treatment

3 weeks after sowing. The boxes

were 25 9 25 cm 9 20 cm in

depth and were subdivided into

16 quadrats of 6.25 9 6.25 cm.

Low homogeneous low fertility,

Med homogeneous medium

fertility, High homogeneous high

fertility, HetL heterogeneous

large-scale
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3; Table 1); (2) HDR differs when comparing treatment

HetS to treatment Med (hypothesis 2; Table 1). These

comparisons were also performed for shoot and root bio-

mass, and root:shoot biomass ratio.

At the quadrat scale, we performed two analyses com-

paring diversity and shoot and root biomass in: (a) treat-

ment Low with the low fertility patches of the two

heterogeneous treatments (HetL Low and HetS Low,

respectively); (b) treatment High with the high fertility

patches of the heterogeneous treatments (HetL High and

HetS High, respectively). Hence, we examine how the size

of nutrient patches (625 cm2–156 cm2–39 cm2), and the

average probability that a neighboring quadrat has the same

nutrient content (100 %–67.5 %–41 %), influences shoot

and root biomass, and species diversity (hypotheses 2 and

3; Table 1). Due to the nested structure of the experiment

(i.e., quadrats in boxes), we used linear mixed-models

accounting for box identity as a random factor (Zuur et al.

2009), except in the case of root biomass since in the

heterogeneous treatments we only had one sample of each

patch type (GLM was used). Prior to all the analyses, we

determined if the variables had equal variances among

groups and were normally distributed (Zuur et al. 2009).

We used Gaussian models with identity link functions

because all the variables were quantitative. To evaluate

model fit, we examined the normality of the residuals, the

relationship between residual and predicted values, and the

relationship between the residuals and the predictor vari-

ables (Zuur et al. 2009). Due to the different number of

quadrats among the treatments (i.e., HetL and HetS had

half the number of Low and High quadrats than treatments

Low and High), we included a fixed variance structure

among groups to meet the assumptions of homogeneity of

variances.

The glht function of the multcomp package (Hothorn

et al. 2008) was used to study the a priori hypotheses at the

box level, and the linear mixed-models were fitted with the

nlme package (Pinheiro et al. 2011) of the R statistical

language (R Development Core Team 2012).

We used structural equation modeling (SEM) to test if

the influence of soil resource heterogeneity on diversity

may be indirect by increasing asymmetric light competition

(hypothesis 3; Table 1). SEM was used because it enables

the study of direct as well as indirect (i.e., through the

modification of a third factor) hypothesized relationships

among the variables (Grace 2006). To construct our theo-

retical SEM we considered plant diversity, shoot biomass

and a measurement of relative light (measured 21 days

before harvesting on 15 May) of the three treatments of the

heterogeneity gradient with the same overall fertility (i.e.,

Med, HetL and HetS). We hypothesized that heterogeneity

can influence both species diversity and shoot biomass

directly (i.e., competition for soil resources), but biomass

can also indirectly influence diversity by increasing light

competition. To reflect the combined influence of the

treatments, we used a composite variable with two dummy

indicators (since they account for the effect of the three

treatments). To assess the overall fit of the model we used

the v2 statistic and its associated probability and the root

mean square error of approximation (RMSEA) and its

associated probability. Non-significant v2 and RMSEA

indexes (P [ 0.05) indicate a reasonable fit of the model.

The significance of each path specified in the model was

based on the probability level (P \ 0.05). SEM analysis

Table 2 Plant species used in

the experiment with

classification of growth form

and ecological indicator value

for N (according to Ellenberg

1988)

N indicator values: N-poor sites

(2), more or less infertile sites

(3), broad amplitude of site

conditions (x)

Species Family Growth form N value

Antennaria dioica Compositae Rosette, small herb 3

Anthyllis vulneraria Leguminosae Tall herb 3

Briza media Poaceae Tall grass 2

Centaurea jacea Compositae Tall herb x

Cirsium acaule Compositae Semi-rosette 2

Erophila verna Brassicaceae Rosette, small herb 2

Festuca rubra Poaceae Small to tall grass x

Filipendula vulgaris Rosaceae Tall herb 2

Galium verum Rubiaceae Tall herb 3

Hypericum perforatum Hypericaceae Tall herb x

Plantago media Plantaginaceae Rosette, small to tall herb 3

Primula veris Primulaceae Small herb 3

Prunella vulgaris Lamiaceae Small herb x

Trifolium montanum Leguminosae Tall herb 2

Viola rupestris Violaceae Small herb 2
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was performed using the IBM SPSS Amos version 19

statistical software (Arbuckle 2010).

Results

At the box scale (25 9 25 cm), we found significant dif-

ferences in species diversity, and root and shoot biomass

and their ratio among treatments (Fig. 2; Table 3; Online

Resource 2). Similarly, we found that plant diversity and

Fig. 2 Treatment effects on a plant species diversity (inverse of

Simpson’s dominance index), b shoot biomass and c root biomass at

the box level (25 9 25 cm). Values are mean ± SE for Low, Med,

HetL, HetS and High treatments. Dashed lines connect Low, High

and two heterogeneous treatments (HetL and HetS); solid lines

connect Low, Med and High treatments. Statistics are for treatment

effects. For abbreviations, see Fig. 1

Fig. 3 Treatment effects on a plant species diversity (inverse of

Simpson’s dominance index) and b shoot and root biomass as a

function of patch size and probability that a neighboring quadrat has

the same nutrient level. White bars correspond to quadrats of the same

type in the Low treatment and the low fertility patches of the large-

scale (HetL-Low) and small-scale (HetS-Low) heterogeneous treat-

ments. Black bars represent the high fertility quadrats of the High and

HetL and HetS treatments. Bars are means; vertical lines are SEs.

Results from the generalized linear and linear mixed models show

differences among treatments. For abbreviations, see Fig. 1
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biomass differed between the low fertility quadrats

(6.25 9 6.25 cm) in treatments HetL and HetS and quad-

rats in the treatment Low (Fig. 3; Table 4). In the follow-

ing sections, we examine the results according to the

hypotheses considered in Table 1.

Hypothesis 1: niche partitioning and a positive HDR

We did not find support for a positive HDR (Table 1)

because plant diversity was not higher in treatment HetL

than in any of the homogeneous treatments Low, Med and

High (Fig. 2a; Table 3). Shoot and root biomass in the

heterogeneous treatment HetL were higher than in treat-

ment Low and lower than in treatment High (Fig. 2b, c;

Table 3) following the fertility gradient. However, partially

in accordance with niche partitioning theory (i.e., increased

community performance due to niche complementarity)

shoot and root biomass were higher in treatment HetL than

in the homogeneous treatment of the same fertility (Med).

Hypothesis 2: heterogeneity as a separate niche axis

and a negative HDR

We found support for heterogeneity as a separate niche axis

(Table 1) because diversity in treatment HetS was lower

than diversity in treatment Med (Fig. 2a; Table 3). In

addition, shoot and root biomass were higher in treatment

HetS than in treatment Med (Fig. 2b, c; Table 3). Hetero-

geneity as a separate niche axis was also supported by the

analyses at the quadrat scale as we found: (1) low fertility

quadrats of treatment HetS had lower diversity, and larger

shoot and root biomass than the same quadrats in treatment

Low (Fig. 3; Table 4); and (2) no differences were found in

either diversity or biomass between the high fertility

quadrats in treatment HetS and the same quadrats in

treatment High. This suggests that when low fertility

quadrats are surrounded by quadrats of higher fertility, as

in treatment HetS, they have lower plant diversity than

when low fertility quadrats are surrounded by similar

quadrats (Table 1).

Further support for heterogeneity as a separate niche

axis was found in our SEM, because soil resource hetero-

geneity had a negative influence on plant diversity by

increasing asymmetric light competition (Fig. 4). The SEM

results indicate that heterogeneity of soil fertility directly

increased shoot biomass, but did not have a significant

influence on diversity (Fig. 4). However, shoot biomass

had a significant direct negative effect on relative light, and

light positively influenced diversity. Therefore, there is an

indirect negative influence of shoot biomass and hetero-

geneity on diversity (treatments HetL and HetS). The

model accounted for 29 % of the variation in diversity,

37 % of the variation in shoot biomass, and 80 % of the

variation in relative light. The values of the v2 statistic and

Table 3 Planned a priori comparisons performed to test the main hypotheses of the experiment at the box level (see Table 1)

Variable HetL vs. Low HetL vs. Med HetL vs. High HetS vs. Med

Z Coeff. P Z Coeff. P Z Coeff. P Z Coeff. P

Plant diversity -1.91 -0.47 0.056 -1.86 -0.46 0.063 0.49 0.12 0.624 -2.19 -0.54 0.028

Root:shoot ratio -3.57 -0.19 \0.01 -1.99 -0.10 0.047 1.11 0.06 0.267 -0.06 \-0.01 0.956

Shoot biomass 6.70 20.70 \0.01 4.05 12.50 \0.01 -2.04 -6.29 0.042 4.18 12.88 \0.01

Root biomass 3.77 5.15 \0.01 2.18 2.98 0.029 -0.13 -0.17 0.899 5.01 6.84 \0.01

Z-statistic, the coefficient (Coeff.) associated with the comparison, and significant values (P) for each comparison are shown. For other

abbreviations, see Table 1

Table 4 Comparison of the different variables measured at the quadrat scale (6.25 9 6.25 cm) of the Low and High treatments and the

respective quadrats of the two heterogeneous treatments (HetL and HetS)

Variable Quadrat HetL vs. Low/High HetS vs. Low/High

t Coeff. P t Coeff. P

Plant diversity Low -2.01 -0.41 0.055 -3.18 -0.64 \0.01

High 0.68 0.14 0.500 0.74 0.15 0.464

Shoot biomass Low 5.64 0.89 \0.01 7.36 1.08 \0.01

High 0.05 0.01 0.962 -0.71 -0.13 0.486

Root biomass Low 1.94 0.20 0.063 5.94 0.60 \0.01

High 1.22 0.11 0.233 2.05 0.19 0.051

t-Statistic, the coefficient (Coeff.) associated with the comparison, and significant values (P) for each comparison are shown. For other

abbreviations, see Tables 1 and 3
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associated probability (v2 = 2.11; P = 0.72) and the

RMSEA (0.001; P = 0.74) indicated a good fit of the

model. A complete summary of the results can be found in

Online Resource 3. These results indicate that resource

heterogeneity may lower plant diversity indirectly by

increasing asymmetric light competition.

Hypothesis 3: microfragmentation and a negative HDR

The results obtained from the box-level (25 9 25 cm)

analyses did not support the microfragmentation concept,

since diversity in treatment HetL was not significantly

different from that in the homogeneous treatments Low,

Med and High (Fig. 2a; Table 3). Similarly, we found

greater shoot and root biomass in treatment HetL than in

treatment Med (Fig. 2b, c; Table 3). At the quadrat scale

(6.25 9 6.25 cm), no differences in diversity were found

between low fertility quadrats in treatment HetL and

treatment Low, and between high fertility quadrats in

treatment HetL and treatment High (Fig. 3a; Table 4).

Hence, the reduction in patch size did not reduce diversity,

which is inconsistent with the microfragmentation concept

(Table 1). In addition, low fertility quadrats in treatment

HetL had significantly greater shoot biomass that low fer-

tility quadrats in treatment Low (Fig. 3b; Table 4), in

contrast to the expectations of the microfragmentation

concept.

Discussion

Recently published meta-analyses and computer simula-

tions have sparked renewed interest in the relationship

between heterogeneity and plant diversity (Lundholm

2009; Tamme et al. 2010; Allouche et al. 2012; Laanisto

et al. 2013; Smith and Lundholm 2012). In accordance with

our results, small-scale soil resource heterogeneity can

lower plant diversity, and this is especially true when the

size of soil patches is relatively smaller than plant root size.

We found several pieces of evidence to support the

hypothesis of heterogeneity as a separate niche axis (sensu

Tamme et al. 2010), which suggests that some species are

better adapted to heterogeneity per se, gaining a competi-

tive advantage (Levins 1979; Wilson 2000). This is con-

sistent with other studies examining species’ responses to

heterogeneity (e.g., Baer et al. 2004; Wijesinghe et al.

2005; Eilts et al. 2011), and hence, this mechanism for a

negative HDR may be more common than previously

thought.

In heterogeneous environments, the performance of

individual plants depends on their ability to deplete nutri-

ents from resource-rich patches (Day et al. 2003; Maestre

and Reynolds 2007; Wijesinghe et al. 2005; Rajaniemi

2011). Therefore, it is reasonable to expect that species

with good foraging abilities may have a competitive

advantage (Grime 1994; Wilson 2000; Hutchings et al.

2003), resulting in asymmetric competition for below-

ground resources (Hutchings et al. 2000; Fransen and de

Kroon 2001). However, whether soil resource heteroge-

neity negatively influences diversity depends on the inter-

active effects of patch size and plant size (VivianSmith

1997; Collins and Wein 1998; Baer et al. 2004; Wijesinghe

et al. 2005; Reynolds et al. 2007; Eilts et al. 2011). For

example, Baer et al. (2004) found that adding N in patches

of 2 m2 decreased species richness in restored prairies, and

Eilts et al. (2011), found a negative influence of resource

Fig. 4 Structural equation model relating the heterogeneity gradient

to shoot biomass, relative light and plant diversity. The analysis uses

the Med and the HetL and HetS treatments. Values above the boxes

indicate the error variance in each variable (i.e., fraction unex-

plained); values above single-headed arrows indicate the direct causal

effect of one variable on another (raw and standardized coefficients

separated by a slash). Positive effects are shown by a solid line,

negative effects by a dashed line. Significant pathways (P \ 0.05) are

denoted by asterisks; doubled-headed arrows indicate non-studied

correlations. For abbreviations, see Fig. 1
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heterogeneity (patches of 625 cm2) on species richness.

These two studies found evidence for heterogeneity as a

separate niche axis concept (albeit they did not use this

term) as soil resource heterogeneity enhanced the domi-

nance of rhizomatous and clonal species, respectively, and

decreased species richness. Similarly, Wijesinghe et al.

(2005) conducted a manipulative experiment in which the

soil patches were of a similar size to that used in our small-

scale treatment (i.e., 39 cm2). Although they did not find a

negative HDR, species composition was different in het-

erogeneous and homogeneous conditions suggesting that

some species were better adapted to exploit patchy soils

than others. In our study, we found that plant performance

(measured as shoot and root biomass) was higher in het-

erogeneous than in homogeneous conditions, while plant

diversity was lower. Moreover, low fertility quadrats had

higher biomass and lower diversity if they were located

adjacent to resource-rich patches (i.e., heterogeneous

treatments) than if they were located adjacent to resource-

poor patches (i.e., homogeneous low fertility treatment).

Hence, some species may have a competitive advantage in

exploiting resource-rich patches in heterogeneous condi-

tions, resulting in asymmetric competition for soil resour-

ces and lowering plant diversity.

Soil resource patchiness can also decrease diversity

indirectly by increasing shoot biomass and asymmetric

light competition (Wilson 2000; Baer et al. 2004; Eilts

et al. 2011). Lamb et al. (2009) demonstrated that soil

fertility decreased diversity indirectly, since it enhanced

shoot development of several species, and increased

asymmetric light competition. Theoretically, above- and

belowground productivity of heterogeneous systems can

be similar to that observed under homogeneously fertile

conditions since the potential for nutrient uptake from the

nearby fertile patch may enhance shoot growth rates

(Fransen and de Kroon 2001). In our study, this was

supported by the greater shoot biomass found in the het-

erogeneous treatments compared to the homogeneous

treatment of the same fertility. Moreover, the result of the

SEM demonstrates that the increase in shoot biomass is

strongly related to a reduction in relative light availabil-

ity, and that this relationship is further intensified in

the heterogeneous treatments. Finally, the results also

demonstrate that higher relative light enhances plant

diversity, supporting the hypotheses that the influence

of soil resource heterogeneity on diversity may be indi-

rect by increasing shoot biomass and asymmetric light

competition.

We found greater shoot and root biomass in our large-

scale heterogeneous treatment (patch size 156 cm2) than in

the homogeneous treatment of the same fertility. This may

indicate that plants located in the resource-poor patches can

forage and exploit resource-rich patches. This was also

confirmed by the greater shoot biomass found in the low

fertility quadrats of the large-scale heterogeneous treatment

when compared to the same size quadrats in the low fer-

tility treatment. In addition, the results of SEM indicated

that the negative effect of shoot biomass on species

diversity, via reducing light availability, is of comparable

intensity in the two heterogeneous treatments. Therefore,

above- and belowground competition may be a feasible

explanation for the negative HDR in both of the hetero-

geneous treatments, but the intensity of these interactions

may be greater with smaller soil patches. These results

indicate that either soil patches in the large-scale hetero-

geneous treatment were not large enough to avoid all plant

species foraging, or that patch contrasts of the different

fertilities were not strong enough, allowing root foraging

on the edges between resource-rich and resource-poor

patches (Hutchings et al. 2003; Schenk 2006). As a con-

sequence, the influence of above- and belowground

resource competition may override the potential influence

of microfragmentation on plant diversity.

The negative influences of habitat microfragmentation

on plant diversity depend not only on the interaction

between plant root extent and soil patch size, but also on

community species composition. In a recent modeling

study Laanisto et al. (2013) found that plant specialist

species (i.e., that have strong preferences for a particular

soil type) were strongly influenced by small-scale habitat

fragmentation whereas more generalist species were not.

Specifically, they showed that communities containing

only habitat-specialist species experienced a large decrease

in diversity when the habitat was microfragmented, while

plant diversity was unaffected when only habitat general-

ists were present. This study is the first to test the potential

negative influence of habitat microfragmentation on either

natural or experimentally assembled communities. Further

studies, considering longer time spans than used in this

experiment and focusing on plant populations, will be

needed to disentangle the influence of microfragmentation

on plant communities.

In conclusion, our experimental study demonstrates that

small-scale heterogeneity of soil resources can lower spe-

cies diversity, most likely due to some species’ adaptation

to heterogeneity, increasing asymmetric competition for

both above- and belowground resources. Using an experi-

mental community allowed us to isolate the effect of soil

heterogeneity from other confounding factors such as the

size of the species pool (Dickson and Foster 2008; Zobel

and Pärtel 2008), or variation in other resource levels

(Fitter 1982). However, in natural ecosystems more pro-

nounced soil variations occur at small spatial scales

(Jackson and Caldwell 1993), environmental heterogeneity

can involve more than just one factor (Reynolds et al.

1997; Farley and Fitter 1999) and species composition can
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display a wide variety of traits. Therefore, further studies

using data from natural communities and along different

environmental gradients are needed to determine the gen-

erality of the concepts presented here. This study highlights

the importance of considering different scales of hetero-

geneity, because when heterogeneity occurs at small spatial

scales (patches are equal to or smaller than plant size), it

can have a negative influence on diversity by increasing

asymmetric competition for above- and belowground

resources (heterogeneity as a separate niche axis; Tamme

et al. 2010).
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