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Abstract

The global loss of biodiversity has motivated many studies that experimentally vary

plant species richness and examine the consequences for ecosystem functioning.

Such experiments generally show a positive relationship between above- and

below-ground biodiversity and the functioning of terrestrial ecosystems. Moreover,

this relationship tends to strengthen over time, seen as enhanced functioning of

diverse plant communities and reduced functioning of low-diversity plant communities.

Differences in multitrophic community assembly and biotic interactions in high- versus

low-diversity plant communities are hypothesized to affect plant performance by

altering consumer community structure and function and driving plastic or micro-

evolutionary responses of plant species in the plant communities. To resolve this

complex interplay of community history, we separated these effects into plant

and soil history. Plant history refers to all plant-level responses to past abiotic

and biotic selection pressures experienced in their communities, while soil history

relates to all abiotic and biotic soil properties developed as a legacy of plant-soil

interactions under variable plant diversity. We set up a biodiversity experiment in

an Ecotron, a terrestrial mesocosm facility that allows controlling environmental
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conditions above- and below-ground, to test whether the strengthening biodiversity-

ecosystem functioning relationship is due to soil history, plant history, or a combination

of both. We established a plant diversity gradient consisting of 1, 2, 3, and 6 grassland

plant species and factorially nested with soil history and plant history treatments

for each level of plant species richness. Representative results demonstrate the

successful establishment of target treatments in the Ecotron experiment, observing

the effects of plant and soil history on initial plant development and final plant

growth. Additionally, we provide a case study for data analysis of individual response

variables. We outline research objectives and methods to comprehensively assess

the multifunctional responses to the experimental treatments necessary to ultimately

address the overarching hypothesis.

Introduction

Over the past three decades, growing concerns about

biodiversity loss have driven extensive research focused

on experimentally manipulating plant species richness

to investigate its impact on ecosystem functioning1,2 .

Experimental studies have demonstrated a positive

relationship between plant diversity and ecosystem

functioning1 , which tends to increase over time3,4 ,5 ,6 ,7 ,8 ,9 .

This is a significant finding, as it suggests that experimental

results obtained from young, recently established

communities likely underestimate the consequences of

biodiversity loss while emphasizing the importance of

conserving older, species-rich ecosystems10 .

Changes in biotic and abiotic processes over time,

which can only be observed in long-term experiments,

are one possible explanation for the amplifying

effects of biodiversity on ecosystem functioning. High

plant diversity has been associated with increases

in soil carbon and nutrient concentrations3,9 ,11 ,12 ,13 ,

optimized resource complementarity3,8 ,14 , enhanced niche

differentiation among plants15 , accumulation of mutualists

at all trophic levels10,16 , and diminished threats from

pathogens and herbivores via stronger top-down regulatory

mechanisms17,18 ,19 . Conversely, low plant diversity has

been associated with selective pressure toward increased

investment in plant defenses and less efficient resource

use10,20 ,21 ,22 . Taken together, differences in multitrophic

community assembly and biotic interactions in high-

versus low-diversity plant communities are hypothesized to

influence plant performance by altering consumer community

structure and function, as well as driving plastic or micro-

evolutionary changes of plant species at the level of

plant communities23,24 ,25 ,26 . To resolve the complex

interplay of community history, these effects were separated

into two important components: plant history and soil

history. Plant history refers to all plant responses to

past abiotic and biotic selection pressures experienced in

their respective communities, whereas soil history relates

to all abiotic and biotic soil properties developed as a

result of plant-soil interactions23,24 ,27 ,28 . Both components
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are increasingly recognized as key drivers in long-term

biodiversity effects29,30 ,31 .

Experimental field studies provide valuable insights into

the long-term effects of soil and plant history under

realistic environmental conditions and on a large spatial

scale32,33 . However, field experiments are subject to

various uncontrolled external factors, such as weather

fluctuations, natural disturbances, and interactions with other

organisms. In contrast, small-scale microcosm experiments,

while limited in capturing the complexity and dynamics

of natural ecosystems, offer precise control over abiotic

factors like temperature, light, and water34 . To combine

the advantages of both approaches, novel experimental

facilities called 'Ecotrons' emerged in the 1990s (e.g.,

Ecotron in Silkwood, UK34 ; Ecotron in Montpellier, France35 ;

Ecotron in Hasselt, Belgium36 ). Roy et al. (2021)37

define an Ecotron as an experimental facility consisting of

replicated enclosures designed to accomodate ecosystem

samples, allowing realistic simulation of above- and

below-ground environmental conditions while facilitating the

simultaneous and automated measurement of ecosystem

processes. Thus, Ecotrons enable the integrated study of

complex ecosystem processes, multitrophic interactions, and

ecosystem functions. They can harbor a variety of above- and

below-ground organisms from multiple trophic levels in a large

series of independent mesocosm chambers, enabling precise

controlling and monitoring of environmental conditions in both

above- and below-ground systems37,38 .

In this study, we set up an experiment in the

iDiv Ecotron38,39 , referred to as the "JenaTron

Experiment" (Figure 1 and Figure 2), to test whether

biodiversity-ecosystem functioning (BEF) relationships in

communities with different levels of plant species richness

are modulated by soil history, shared plant history, or a

combined effect of both. The iDiv Ecotron is specifically

designed for multitrophic biodiversity experiments, focusing

on the joint investigation of above- and below-ground

interactions in terrestrial ecosystems38,39 ,40 . It comprises

24 identical experimental units, termed 'EcoUnits' (Figure

2F,G), each capable of accommodating up to four individual

ecosystems in isolated compartments (Figure 2K), allowing

the construction of complex, near-natural ecosystems while

minimizing the impact of environmental variability. One key

advantage is the capacity to establish multiple replicates

of intact soil monoliths (Figure 2A-C) under controlled

environmental conditions, which enables the measurement

of intricate ecosystem processes, including plant-plant and

plant-soil feedback effects, that are often difficult to capture in

small-scale microcosm experiments38,39 .

In Europe, semi-natural grasslands are among the most

biodiverse and complex terrestrial ecosystems, providing vital

ecosystem services. However, since the early 20th  century,

these extensively managed grasslands have faced increasing

threats from land-use change, making them a key focus for

biodiversity conservation and research. One of the world's

longest-running biodiversity experiments on extensively

managed grasslands is the Jena Experiment32,33 , located in

Jena, Germany (50.951°N, 11.621°E, 139 m a.s.l.; website:

https://the-jena-experiment.de). Established in 2002, the

experiment investigates the relationships between grassland

plant diversity and ecosystem functioning, particularly

focusing on nutrient cycling and trophic interactions32,33 .

For the installation of the JenaTron Experiment within the

iDiv Ecotron, we utilized the Trait-Based Experiment41

(TBE), a component of the Jena Experiment initiated in

2010 and completed in 2021. In 2022, 23 plots of the

TBE were selected to establish a plant diversity gradient

https://www.jove.com
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ranging from one to six species, spanning over 24 plant

communities within the iDiv Ecotron. These communities

comprised six grassland plant species, which overlapped

with the Main Experiment of the Jena Experiment and

represented three grass species (Anthoxanthum odoratum

L., Dactylis glomerata L., Holcus lanatus L.) and three forb

species (Leucanthemum vulgare agg., Plantago lanceolata

L., and Ranunculus acris L.; see Table 1 for details on plant

species composition and replicates for each plant diversity

level). These species, widespread and frequently coexisting

in semi-natural European grasslands, additionally differ in

their temporal resource acquisition traits, making them ideal

for comprehensive studies of temporal resource use, such as

plant phenology41 . The 24 plant compositions were randomly

assigned to all EcoUnits (Figure 1C), with each EcoUnit

further subdivided into four compartments to accommodate

the factorial combinations of soil history and plant history

treatments.

Soil history (Figure 1A) was established by excavating a

total of 96 soil monoliths from the Jena Experiment. The

soil of the site is a nutrient-rich floodplain soil classified as

Eutric Fluvisol, developed from loamy river sediments32,33 .

Detailed information regarding soil pH, changes in soil

texture, and organic matter within the Jena Experiment soil

profile can be found in Lange et al. (2023)9 . Of the 96

monoliths, 48 were sourced by excavating two monoliths

from each of 22 TBE plots, encompassing monocultures, two-

and three-species mixtures. Additionally, four monoliths were

taken from an eight-species plot, which will serve as a six-

species mixture in the JenaTron Experiment. Each of these 48

soil monoliths (depth: 0.8 m; diameter: 0.5 m) harbored a plot-

specific residence community since 2010, thus representing

a plant community-specific soil history (+SH). The remaining

48 monoliths were excavated from four bare ground plots

that were kept free of vegetation since the initiation of the

Jena Experiment in 2002, thus lacking any plant community-

specific soil history (-SH). From each of the four bare-ground

plots, 12 monoliths were excavated. The two soil history

treatments (+SH; -SH) were factorially combined with two

plant history treatments by planting pre-grown plants that

reflected the plant community-specific composition of the TBE

at an equal density, with individual plants spaced 6 cm apart.

Plant history (Figure 1B) was established using two distinct

seed sources for each of the selected plant species from

the Jena Experiment species pool: The first source consisted

of seeds collected from plants that had experienced a

community-specific history since 2010, corresponding to the

exact Trait-Based Experiment (TBE) plots from which the

soil monoliths were excavated (+PH). These seeds were

collected from May to September 2019 dependent on species

flowering phenology, ensuring a minimum of five individuals

per species and plot were sampled. After collection, seeds

were cleaned and stored at -20°C until the initiation of the

JenaTron Experiment. The second seed source comprised

seeds obtained from a commercial seed supplier producing

seeds of regional provenances. These seeds were used to

establish the TBE plots in 2010, thus representing plants

without a community-specific selection history within the Jena

Experiment (-PH) and were stored at -20°C from 2010 until

the start of the JenaTron Experiment. Both histories of the six

perennial plant species were pre-cultivated from February to

May 2022 in four chambers of the iDiv research greenhouse

located in Leipzig, Germany (51.330°N, 12.393°E, 120 m

a.s.l.).

The factorial combination of soil history (SH) and plant

history (PH) at each level of plant species richness resulted

in four treatments within each of the 24 EcoUnits: (1)

https://www.jove.com
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with soil history, with plant history (+SH/+PH), (2) with soil

history, without plant history (+SH/-PH), (3) without soil

history, with plant history (-SH/+PH), and (4) without soil

history, without plant history (-SH/-PH; Figure 1C). The

primary objective of the JenaTron Experiment is to investigate

whether the strengthening relationship between biodiversity

and ecosystem functioning is due to soil history, plant

history, or a combination of both. We hypothesize that plant

communities with shared plant and soil community-specific

history will show the strongest BEF relationship, whereas an

experimental exclusion of soil history, plant history, or both

may have detrimental effects on the positive relationships

of plant diversity and ecosystem functioning. Ultimately, if

soil or plant history were to alter the relationship between

plant species richness and ecosystem functioning, this would

serve as an important consideration for the conservation

and monitoring of locally preserved and novel restored

communities.

Protocol

NOTE: Ensure that appropriate personal protective

equipment (e.g., helmets, gloves, waistcoats, safety shoes,

etc.) is provided at all protocol steps.

1. Soils: Preparation, excavation, installation

1. Soil sources, plot selection, and preparation (February

2022)

1. Select two soil sources from the Jena Experiment

field site:

1. Select 23 TBE plots that harbored a plot-specific

community for 12 years in order to cover a

plant diversity gradient of 1, 2, 3, and 6 species.

Designate these plots as JenaTron Experiment

treatment "with plant community-specific soil

history" (+SH).

2. Select 4 bare ground plots with the same

soil properties as the TBE plots (pH, sand

content, etc.), but kept without vegetation

cover since 2002. Designate these plots as

JenaTron Experiment treatments "without a

plant community-specific history" (-SH).

2. Gently remove the upper 5 cm of soil from all

selected plots using a mini-excavator to equalize

conditions across soil history treatments.

2. Soil monolith excavation (March 2022)

1. Set up the monolith extraction device at each plot,

mount a cutting system on an empty steel cylinder,

and insert it into the extraction device (Figure 2A).

2. Switch on the device, and the cutting system will

rotate around the outer cylinder wall. The system

cuts a notch in the soil into which the extraction

device simultaneously presses the steel cylinder. In

parallel, use a mini-digger to excavate a pit at the

side of the steel cylinder (Figure 2B).

3. Once the steel cylinder is completely embedded in

the soil, climb into the side pit and clip the monolith

at the bottom edge of the steel cylinder by mounting

a temporary bottom plate and use the monolith

extraction device to lift it out of the excavation pit

(Figure 2C).

4. Dismantle the cutting system from the steel cylinder,

mount a temporary top plate to the steel cylinder,

lift the monolith using a suspension attached to the

mini-digger, and turn it upside down.

3. Installation of the water suction system (March 2022)

https://www.jove.com
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1. Dismount the bottom plate, remove approximately 5

cm of soil layer with a trowel, and store it for later use.

2. Embed a ring of water suction probes (8 candles

connected with Polyvinyl chloride [PVC] hoses) in

quartz powder, moist it with demineralized water

(VE), and refill the steel cylinder bottom with the

previously removed soil.

3. Connect the PVC end piece of the water suction

probe ring to the bottom plate and bolt it

subsequently.

4. Turn the steel cylinder with the suspension on the

mini-excavator upright again, label it individually,

seal the openings in the cylinder walls with adhesive

tape, and wrap the cylinder in plastic foil for

protection during transportation.

5. Transport the soil monoliths with a truck to the iDiv

Ecotron, located at the experimental field station of

the Helmholtz Center for Environmental Research

(UFZ) in Bad Lauchstädt, Germany (51.392°N,

11.876°E, 116 m a.s.l.).

4. Installation of soil sensors (April 2022)

1. After unpacking, cut precisely fitting holes for the

sensors horizontally in the soil monolith with a

customized steel blade using the openings in the

cylinder wall at three different depths (9.5 cm, 21.5

cm, and 43.5 cm).

2. Place the soil sensors into the holes, use a wooden

log to bring them in the right position, and bolt the

openings with custom-made seal plugs.

5. Installation of the soil monoliths into the EcoUnits (April

2022)

1. Carefully lift the technical and upper part of each

EcoUnit from the lower part (Figure 2G). Transport

the lower part to the steel cylinders harboring the

intact soil monoliths equipped with soil sensors.

2. Attach each steel cylinder to a suspension, lift it

with a forklift, and mount a connector to the suction

candle ring connected to the bottom plate.

3. Lift four soil monoliths into the lower container of

each of the 24 EcoUnits (Figure 2F), with two having

the same plant community-specific soil history (+SH)

and two without plant community-specific soil history

(-SH). Lead the cables of the soil sensors through

the openings of the ground container.

4. Fix the steel cylinders to the lower part with screws

and subsequently connect the water suction candle

rings of each cylinder to the water suction system

of the EcoUnit through the previously installed

connector.

5. Use the forklift to transport the container equipped

with the  soil monoliths into a hall (24 m x 24 m).

6. Carefully place the technical and upper parts (with

internal walls between subunits [Figure 2K]) of each

EcoUnit back on top of the lower part.

7. Arrange all 24 EcoUnits in three rows, each

consisting of two groups of four EcoUnits, forming

a total of six blocks. Ensure a center-to-center

distance of 6 m between blocks within each row

and 8.2 m between rows. In each block, randomly

assign the four plant diversity levels (1, 2, 3, and 6)

to the four EcoUnits, ensuring an even distribution of

species across all EcoUnits wherever possible.

https://www.jove.com
https://www.jove.com/


Copyright © 2025  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com March 2025 • 217 •  e67496 • Page 7 of 22

2. Plants: Preparation and cultivation installation

1. Selection of species and seed material

1. Select the following six plant species from the Jena

Experiment species pool: Anthoxanthum odoratum

L. (Poaceae), Dactylis glomerata L. (Poaceae),

Holcus lanatus L. (Poaceae), Leucanthemum

vulgare agg. (Asteraceae), Plantago lanceolata

L. (Plantaginaceae), and Ranunculus acris L.

(Ranunculaceae).

2. For each species, select seed material originating

from two different seed sources:

1. Use seeds from plants that had been growing

on the TBE plots of the Jena Experiment since

2010 (with plant history, +PH).

2. Use the original seed material that was used to

initiate the TBE in 2010 sourced from a regional

seed producer (without plant history, -PH).

2. Substrate preparation (February 2022)

1. Collect plot-specific soil from each of the selected

plots at the Jena Experiment field site. Fill the soil

into 20 L plastic boxes and store it at 4 °C until used

for plant cultivation.

2. Sieve each plot-specific soil through a 4 mm mesh.

Mix the soil from the four bare ground plots before

sieving.

3. To remove unwanted biota, transfer quartz sand into

stainless steel containers and heat in a drying oven

for 4 h at 200 °C.

4. Mix plot-specific soil and quartz sand by volume in

a 3:1 ratio and fill the soil-sand mixture into multipot

plates using a plastic shovel (total n = 152).

5. Label each multipot plate individually and place them

in a greenhouse with a day-night cycle of 16 h/18

°C and 8 h/12 °C, maintaining moderate humidity of

60%-70% relative humidity (RH).

6. Water the plates on demand and keep them

bare for two weeks to allow soil seed banks

to germinate. Weed all plates twice to remove

unwanted seedlings.

3. Sowing campaign (March-April 2022)

1. Determine the sowing order based on species-

specific germination time as follows:

1. Sow R. acris 2 weeks prior to other herbs

2. Sow P. lanceolata and L. vulgare 1 week ahead

of grasses A. odoratum, D. glomerata, and H.

lanatus.

2. Sow all species, except R. acris, directly into the plot-

specific soil-sand substrate (3:1) in multipot plates

with two or three seeds per pot. After successful

germination, thin out all species to single seedlings

using spring steel tweezers.

3. Pretreat R. acris seeds in Petri dishes on filter paper

moistened with a gibberellic acid solution (1000

mg.L−1 ) to break dormancy (Figure 2D). Incubate

the seeds for 24 h.

4. Transfer R. acris seeds to filter paper moistened

with demineralized water (VE) until germination.

Once seeds reach the radicle stage, prick seedlings

into the plot-specific soil-sand substrate (3:1) in

the prepared multipot plates using spring steel

tweezers.

https://www.jove.com
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5. Water all plant individuals with deionized water on

demand and keep them in the greenhouse until

transport to the iDiv Ecotron (Figure 2E-H)

4. Planting campaign (May 2022)

1. Design individual planting schemes for all soil

monoliths with the following characteristics:

1. Ensure a balanced number of individuals per

species within the plant communities.

2. Maintain a 6 cm distance between each plant

individual and its neighbor.

3. Randomize the planting pattern across

EcoUnits, but keep it constant within subunits.

2. Use a custom-made planting stencil to mark the

exact position of each plant individual on the soil

monoliths. Use different colored plastic toothpicks

for marking, assigning a specific color to each

species. After marking, remove the stencil (Figure

2I).

3. Plant the pre-grown plants on all soil monoliths within

one week using bulb planters with a 4 cm diameter

(5280 total plant individuals; Figure 2J).

3. Course of the experiment

1. Three-week establishment phase (May 2022):

1. Replace all individuals that did not survive the

planting campaign within 2 weeks of initial planting

(n = 124 [2.35%]).

2. Turn on the lights and set the lighting regime to

a 16/8 h day-night cycle. To replicate the regional

day length in late spring and summer at the start of

the experiment, simulate dusk by dimming the lights

from 100% to 75% intensity over one hour, then to

0% over the next hour (100% intensity: ~370 μmol/

(m²·s)). Simulate dawn by reversing this dimming

pattern.

3. Equalize the upper soil moisture to 20% (± 3%) by

volume using a soil moisture measurement kit.

4. Set the initial irrigation to 450 mL every 12 h for each

subunit.

5. Connect air and soil sensors to monitor temperature

and humidity throughout the experiment.

2. Experimental phase (June-October 2022)

1. Following the natural seasonality, shorten the day

length by a full hour every 2 weeks from August to

October to account for the regional day lengths from

late summer to autumn.

2. Increase the initial irrigation to 650 mL every 12 h in

July and 750 mL every 12 h in August, adjusting to

plant water demands.

3. Constantly weed out unwanted seedlings at the

cotyledon stage using tweezers to maintain plant

density while minimizing disturbance to the soil

structure.

4. In accordance with the standard management

for extensively managed meadows, perform two

harvests of above-ground biomass, cutting the

plants 3 cm above the soil surface with scissors.

Representative Results

To provide initial insights into the effectiveness of this

approach in testing the independent and interactive

effects of plant and soil history on biodiversity-ecosystem

functioning relationships, we first evaluated photographs of

two representative EcoUnits after the 3-week establishment

https://www.jove.com
https://www.jove.com/
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phase of the JenaTron Experiment, where treatment effects

quickly became visible (Figure 3). Besides treatment-specific

differences in plant community height and color (Figure 3A),

we additionally recognized treatment-specific differences in

the flowering time of R. acris. Specifically, plants grown from

seeds with no plant history appeared to have an earlier flower

onset than plants grown from seeds with the community-

specific plant history of the Jena Experiment (Figure 3B).

To evaluate whether the newly established communities

in the iDiv Ecotron accurately reflect the original field

communities, a comparative analysis of species-specific

vegetative plant height was performed as an indicator of

final plant development between the JenaTron Experiment

and TBE plots. In the JenaTron Experiment, plant height

was determined as the mean value of the highest vegetative

leaf of three individuals per plant species in each of the 24

communities and treatment combinations just prior to the first

harvest campaign end of July 2022. In the TBE, vegetative

plant height was determined as the mean value of the highest

vegetative leaf of three individuals per plant species and

plot in July 2012. Plant height measurements from the iDiv

Ecotron exhibit a strong correlation with those from the Jena

Experiment field plots (Supplementary Figure 1).

To further provide a case study for data analysis, the

vegetative plant height in the iDiv Ecotron was investigated

in more detail. We focused on species- and community-level

analyses and tested whether plant history, soil history, and

plant diversity influence vegetative plant growth. For this, we

used linear mixed-effects models (LMM) and summarized

results via ANOVA (type-I sum of squares; for detailed

ANOVA results, see Supplementary Table 1). At plot level,

response variables were mean plant vegetative height and

the coefficient of variation of plant height (CV = sd/mean

100). Fixed effects included plant diversity (numerical), plant

and soil history treatments, and their interactions. Random

effects included EcoUnit nested within the Ecotron hall block.

At the species level, we additionally included species and

their interaction with plant diversity and history treatments in

fixed terms. Data transformations (log for plant height and

square root for height (CV) ensured model assumptions were

met. Analyses were conducted using R (Version4.3.1)42  and

the nlme package for LMMs43 . Results showed significant

species differences in plant height, with grasses taller than

forbs (Figure 4, Supplementary Figure 2). Across all

species, soil history had a positive effect on plant height

(F(1,66) = 11.11, P = 0.001), while plant history and diversity

had no significant impact (F(1,66) = 0.22, P = 0.64 and F(1,17) =

1.52, P = 0.23, respectively; Figure 4). At the community

level, plant diversity had no effect on height (F(1,17) = 0.01, P

= 0.91; Figure 5A) but significantly increased plant height CV

within communities (F(1,17) = 14.29, P = 0.002; Figure 5B). No

significant effects of plant or soil history were found on plant

height CV (F(1,68) = 0.55; P = 0.46; F(1,68) = 0.09, P = 0.76;

Figure 5). We have uploaded the data and R script to the Jena

Experiment database (https://doi.org/10.25829/QN9R-J839).

https://www.jove.com
https://www.jove.com/
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Figure 1: Setup of the JenaTron experiment. (A) Soil History (SH) was established by excavating 96 intact soil monoliths

from the Jena Experiment (JE), of which half (n = 48) were obtained from 23 plots that harbored a plot-specific community

for 12 years (+SH), while the other half (n = 48) was obtained from four bare ground plots held vegetation-free since the

beginning of the Jena Experiment in 2002 (-SH). (B) Plant history (PH) was established using two seed sources for each of

six plant species: seeds collected from plants grown since 2010 on the same plots, where the monoliths were excavated in

the Jena Experiment (+ PH), and the original seeds as used to sow these communities in the field in 2010 (-PH). (C) Plant

history and soil history were independently crossed for each composition at different plant diversity levels (1, 2, 3, and 6),

resulting in four treatments in each EcoUnit of the iDiv Ecotron: (1) +SH/+PH, (2) +SH/-PH, (3) -SH/+PH, and (4) -SH/-PH.

Please click here to view a larger version of this figure.

https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/67496/67496fig01large.jpg
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Figure 2: The iDiv Ecotron at the Research Station of the Helmholtz-Centre for Environmental Research (UFZ) in

Bad Lauchstädt, Germany. (A) Soil monolith excavation equipment in the field, (B) Soil monolith excavation in the field,

(C) Excavation pit in the field, (D) Preparation of Ranunculus acris seed material in petri-dishes on filter paper moistened

with gibberellic acid solution in the greenhouse, (E) Pre-cultivation of plants with plot-specific soil substrate in multipot plates

in the greenhouse, (F) EcoUnits in the iDiv Ecotron hall, (G) Schematic depiction of one experimental unit ("EcoUnit") with

technical equipment (adapted from Eisenhauer et al. (2019)23  and Schmidt et al. (2021)38 ), (H) Plates with all individuals

to be planted in the JenaTron Experiment) after transport to the iDiv Ecotron, (I) Species-specific marking of the planting

positions for all plant individuals on a soil monolith made with a planting stencil, (J) Planting of plant individuals on a soil

monolith using bulb planters, (K) Four lysimeters in an EcoUnit with internal walls. Please click here to view a larger version

of this figure.

https://www.jove.com
https://www.jove.com/
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Figure 3: Two representatives of the 24 EcoUnits, each harboring one community in all treatment combinations of

plant and soil history. (A) EcoUnit with a 3-species mixture (A. odoratum, H. lanatus, and P. lanceolata) with treatment

specific differences in community vegetation height and color. (B) EcoUnit with a monoculture of R. acris, indicating plant

history dependent differences in flowering time. Please click here to view a larger version of this figure.

 

Figure 4: Effects of plant and soil history on vegetative plant height (cm) of the six grassland plant species before

the first harvest in July 2022. Species are listed alphabetically within functional groups (grasses followed by forbs). Plant

history treatments (+PH/-PH) are on the x-axis, and soil history (+SH/-SH) is color-coded (yellow/black) in the box plots.

Please click here to view a larger version of this figure.

https://www.jove.com
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Figure 5: Effects of species richness on community mean and variation in vegetative plant height. (A) Community

mean. (B) Variation in vegetative plant height. (+PH/-PH) for plant history, (+SH/-SH) for soil history. Plant height variation

(CV) is shown per subunit. Dashed lines represent non-significant, solid lines represent significant effects on plant diversity.

Please click here to view a larger version of this figure.

Table 1 Plant communities in the JenaTron Experiment.

Monocultures of all selected plant species (n = 6); 2-species

mixtures (n = 9); 3-species mixtures (n = 7) all with different

compositions; and two identical replicates of the 6-species

mixture (n = 2). Please click here to download this Table.

Supplementary Figure 1: Species' average plant height.

Species' average plant height in the (A) JenaTron Experiment

plots (July 2022) and in the field (B) TBE plots (July 2012).

Only data from the treatment with plant history and soil history

were included in panel A. There is a significant correlation

between plant height in the JenaTron Experiment and the field

plots (Pearson correlation r(49) = 0.45, p = 0.0008). Please

click here to download this File.

Supplementary Figure 2: Effects of plant and soil history

treatments on vegetative plant height (cm) of the six

plant species at different levels of plant diversity (SR).

Legend symbols +PH and -PH represent treatments with and

without plant history, while +SH and -SH signify treatments

with and without soil history, respectively. Please click here

to download this File.

Supplementary Table 1: ANOVA results from linear

mixed-effects models assessing the effects of plant

diversity (species richness, SR), soil history (SH), and

plant history (PH) on plant height at both species level

and plot level. F-values and p-values are reported for each

term. Note: numDF and denDF represent the numerator and

the denominator degrees of freedom for each model term. P-

values < 0.05 suggest a statistically significant effect on plant

height. Please click here to download this File.

Supplementary Table 2: Above- and below-ground

measurements, response variables, and methods. A

spectrum of above- and below-ground measurements,

response variables, and methods conducted in the JenaTron

Experiment to study the independent and interactive effects

https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/67496/67496fig05large.jpg
https://www.jove.com/files/ftp_upload/67496/Table 1 .xlsx
https://www.jove.com/files/ftp_upload/67496/Supplementary Figure 1.pdf
https://www.jove.com/files/ftp_upload/67496/Supplementary Figure 1.pdf
https://www.jove.com/files/ftp_upload/67496/Supplementary Figure 2.pdf
https://www.jove.com/files/ftp_upload/67496/Supplementary Figure 2.pdf
https://www.jove.com/files/ftp_upload/67496/Supplementary Table 1.xlsx
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of plant history and soil history on BEF relationships for

ecosystems as a whole. Please click here to download this

File.

Discussion

With the JenaTron Experiment, we provide a complementary

experimental approach to the Jena Experiment field

site32,33  to enhance our mechanistic understanding of

BEF relationships. The Field Experiment allows us to

study the long-term effects of soil history and plant history

on ecosystem functioning under realistic environmental

conditions, with large, undisturbed plots allowing repeated

measurements over many years. The randomly selected

combinations of plant species from a large species pool along

a well-established plant diversity gradient from monocultures

up to 60 species help to identify diversity effects by excluding

species-specific effects as much as possible32,33 . However,

the Field Experiment, referring here explicitly to the 'ΔBEF

Experiment' as part of the Jena Experiment (for further

details, see Vogel et al. (2019)29 ), is limited in investigating

soil history and plant history completely independent from

each other and from potential influences of various external

factors, such as weather fluctuations, natural disturbances,

and interactions with other organisms29 . At this point,

the complementary approach of using Ecotron experiments

comes into the focus of BEF research. Ecotron experiments

represent an important link between small-scale, short-term

microcosm experiments, which study only a few or even

just a single species and thus reduce the high complexity

of field experiments or even the real world34,38 . Hence,

the main aim of Ecotron experiments is not to imitate the

full complexity of nature but rather to create simplified but

biologically meaningful ecosystems. This allows to better

understand many, but of course not all, biological processes

and interactions that occur in the real world34,37 . Moreover,

the closed systems of an Ecotron allow for studying fluxes and

processes, which often cannot be easily studied in the field35 .

Various modifications of the experimental technique have

been utilized in previous studies, underscoring the significant

adaptability of the iDiv Ecotron facility. For example, the

"Insect Armageddon" experiment44 , conducted in 2018,

involved a reconfiguration of the EcoUnits by removing the

above-ground interior walls and below-ground dissection

with steel cylinders. Instead, the below-ground containers

were entirely filled with a soil-sand mixture, facilitating

the establishment of grassland communities comprising 12

European plant species across a soil surface area of 1.5

m2  per EcoUnit. This experimental design allowed for the

introduction of two distinct abundance levels of above-

ground invertebrates, enabling researchers to investigate

the impacts of invertebrate biomass decline on ecosystem

functions and services within Central European grassland

ecosystems. Another illustrative example is the "EcoLux"

experiment, conducted in 2020, which demonstrated a

modification in the light regime to investigate the effects of

light pollution at night on plant diversity and performance45

as well as its influence on soil communities and functions46 .

Looking ahead, the potential for further modifications remains

substantial. The upcoming "ResCUE" experiment, scheduled

for 2026, aims to examine the relationships between plant

diversity and ecosystem stability under climatic extremes26 .

This experiment will implement a standardized hot drought,

an environmental condition difficult to replicate in natural

settings, by simulating reduced precipitation alongside

increased temperatures across a gradient of grassland plant

diversity established in the iDiv Ecotron. The study will

focus on assessing the resistance and recovery of multiple

https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/67496/Supplementary Table 2-final.xlsx
https://www.jove.com/files/ftp_upload/67496/Supplementary Table 2-final.xlsx
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ecosystem functions in response to the controlled climatic

extreme event26 .

However, using Ecotron facilities to bridge field experiments

and small-scale microcosm experiments also entails

limitations, such as mostly a still relatively small spatial scale,

a low number of replicates, lower biological complexity and

the lack of representation of natural climatic variability37 .

Furthermore, the iDiv Ecotron facility cannot simulate all

kinds of climatic scenarios, such as winters, limiting its

ability to study individual plants in a realistic annual

cycle across several generations. Hence, as mentioned

before, it is very important to consider Ecotron studies as

complementary research approaches that must ultimately

be considered in combination with results from other

experimental approaches37 . Nevertheless, the iDiv Ecotron

facility offers us the unique opportunity to study intact

soil monoliths under controlled environmental conditions, to

orthogonally cross plants with different plant community-

specific histories with soils with different plant community-

specific histories and to study their effects on ecosystem

functioning along a plant diversity gradient, which is difficult

to achieve under field conditions23,35 . Additionally, the

technique allows for studying plants as a whole, both

above- and below-ground, under controlled environmental

conditions, which is not easily achievable in the field. Lastly, in

the JenaTron Experiment, the planted (rather than sown)

plant communities were established to ensure equal total

plant densities, with each species represented in equal

proportions. In contrast, in sown communities, species often

establish at different rates, and some target species may

fail completely to establish or could remain at very low

abundance.

To ensure the reproducibility of the presented protocol,

several critical steps must be meticulously considered during

execution: (1) Soil monolith excavation: One key advantage

of the iDiv Ecotron facility is its capability to establish a

substantial number of replicates of intact soil monoliths under

controlled environmental conditions. To ensure the integrity

of the soil monoliths, it is essential to maintain optimum

field conditions for soil monolith extraction. Specifically,

excessive soil moisture can lead to compaction of the

soil column, while soils that are either too dry or frozen

may result in the formation of cracks. In instances where

the monolith is compromised due to these factors, it must

be discarded, necessitating a repetition of the excavation

process. (2) Species selection: The protocol described uses

six grassland plant species of the TBE, which were selected

based on overlap with the main experiment, a balanced

representation of grasses and forbs, and the possibility

of studying different resource use strategies (e.g., plant

phenology)41 . For a biodiversity experiment, six species are

a low species number, and the selection of other species

possessing other trait combinations could lead to different

experimental results and must be carefully considered.

(3) Plant density and equal proportions of all species: A

notable advantage of the JenaTron Experiment setup is

that plant communities are established with equal total plant

densities and that each species is represented with the

same number of individuals. Ensuring consistent plant density

and equal planting proportions is crucial for experimental

reproducibility, as it prevents confounding effects associated

with a differential establishment of individual species. Hence,

precise control of plant density is essential to preserve the

experimental design and ensure reliable outcomes.

After initiating the JenaTron Experiment following the

protocol with special emphasis of considering the mentioned

https://www.jove.com
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most critical steps, discernible treatment effects on

plant community height, color, and flowering time swiftly

emerged. Subsequent comparative analyses of species-

specific vegetative plant heights between JenaTron and TBE

clearly confirmed that communities established in the iDiv

Ecotron indeed resemble the original communities in the

field. To further provide a case study for data analysis,

we analyzed the vegetative plant height in the JenaTron

experiment in more detail. Analyses of species-specific

vegetative plant heights in the JenaTron confirmed the

successful establishment of all target species and revealed

significant differences among species and functional groups.

This result is expected, as grasses are known to grow

taller than other functional groups in the Jena Experiment47 .

A significant positive effect of soil history was detected

across species, indicating that prior soil conditions shape

plant growth in the Ecotron, potentially driven by positive

feedback effects from soils that previously harbored a plant

community (independent of the diversity level) and negative

feedback from soils held vegetation-free. The biotic and

abiotic properties of soil histories appear to differ, giving

plants in soils with plant community-specific history an

advantage over plants in soils without this respective history,

as plant height plays an important role in their ability to

compete for light and is thus a vital trait for carbon gain48 .

In contrast, no significant effect of plant community-specific

plant history on mean vegetative height was found, implying

that soil properties may have a stronger influence than the

seed sources under the Ecotron's environmental conditions.

However, this hypothesis needs to be tested in a holistic way

by investigating the multitude of ecosystem functions that

were measured in the JenaTron Experiment.

Neither species- nor community-specific analyses provided

evidence that species richness affects mean vegetative

plant height, contrasting with previous findings from the

Field Experiment, where plant height increased with higher

species49  likely due to stronger light competition47,50 .

Greater complementarity among species in more diverse

communities may lead to higher plant densities51 , potentially

additionally enhancing plant height growth52 . The lack of

plant diversity effects on plant height in the JenaTron

Experiment could thus be due to the absence of

biodiversity-dependent variation in plant density, indicating

the potential importance of this mechanism for diversity-

dependent individual plant performance in the real world52 .

Nevertheless, species richness had a significant effect

on plant height CV,  suggesting that plant diversity

increases vegetation structural complexity, consistent with

studies linking diversity to more complex above-ground

canopies49,50 ,52 ,53 ,54 .

Taken together, results confirm the successful establishment

of the JenaTron Experiment's target treatments, providing first

insights into the effectiveness of our approach through the

rapid manifestation of significant treatment effects (Figure 3,

Figure 4, and Figure 5). Additionally, comparative analysis

of species-specific vegetative plant height indicates that the

newly established communities in the iDiv Ecotron indeed

resemble the original field observations. The detailed analysis

of vegetative plant height serves as a case study for

data analysis and visualization of single response variables.

However, this case study highlights the limitations of focusing

on a single response variable in holistically addressing

the overarching hypothesis, whether the strengthening

relationship between biodiversity and ecosystem functioning

over time is due to soil history, plant history, or a combination

of both. This underscores the importance of our highly

collaborative approach to investigating the independent

and interactive effects of plant history and soil history

https://www.jove.com
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on BEF relationships23 . Eleven sub-projects of the Jena

Experimental Research Unit (FOR 5000) worked closely

together in the JenaTron Experiment, measuring a wide

range of response variables across various research areas,

such as microbiology, chemical ecology, phenology, proximal

sensing, genetics, epigenetics, soil ecology, and food web

modeling. This integrative effort aims to (1) separate plant

history effects from soil history effects on multiple trophic

levels and ecosystem functions, (2) investigate plant species-

specific and interaction-specific effects at all levels of plant

species richness, and (3) explore the underlying mechanisms

of BEF relationships23 (Supplementary Table 249,

50 ,55 ,56 ,57 ,58 ,59 ,60 ,61 ,62 ,63 ,64 ,65 ,66 ,67 ,68 ,69 ,70 ,71 ,72 ,
 

73,74 ,75 ,76 ,77 ,78 ,79 ,80 ,81 ,82 ,83 ,84 ).
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