Investigating the consequences of climate change under different
land-use regimes: a novel experimental infrastructure
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Abstract. Climate change and land-use change are considered as the most important threats to ecosystems. Both factors can be expected to have interacting inﬂuences on ecosystem functions directly and indirectly via changes in biodiversity. Knowledge about these interactions is limited due to a lack of
experiments which investigate climate change effects under different land-use scenarios. Among the processes involved in ecosystem responses to global change, in particular, those occurring in soils or related to
biotic interactions and microevolution were underinvestigated in previous experiments. Examinations of
these relationships require spatial and temporal scales which go beyond those realized in the majority of
ecological ﬁeld experiments. We introduce a new research facility, the Global Change Experimental Facility
(GCEF), which was designed to investigate the consequences of a future climate scenario for ecosystem
functioning in different land-use types on large ﬁeld plots (400 m2). Climate manipulation is based on projections for the period of 2070–2100 with an increased temperature and a changed precipitation pattern
consisting of reduced precipitation in summer and increased precipitation in spring and autumn. We subject ﬁve different land-use types (two farming systems, three grasslands), differing in land-use intensity, to
ambient and future climatic conditions. The use of automated roofs and side panels to passively increase
night temperatures results in an average increase in daily mean temperature by 0.55°C accompanied by a
stronger increase in minimum temperatures (up to 1.14°C in average) with longer frost-free periods and an
increase in growing degree days by 5.2%. The combined use of mobile roofs and irrigation systems allows
the reduction (in summer by ~20%) and increase in rainfall (in spring and autumn by ~10%) according to
future scenarios superimposed on the ambient variation in precipitation. The large plot size and the technical conﬁguration allow the establishment of realistic land-use scenarios and long-term observations of
responses of ecosystem functions and community dynamics on relevant temporal and spatial scales. Thus,
the GCEF provides a well-suited platform for the interdisciplinary research on the consequences of climate
change under different land-use scenarios.
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INTRODUCTION

isolation will therefore lead to inaccurate results
(De Chazal and Rounsevell 2009). However, both
global change drivers have been usually investigated separately and there is a strong need for
studies which account for their interactions (De
Chazal and Rounsevell 2009, Sirami et al. 2017)
and experimentally manipulate climate in different environments (Urban et al. 2016). Moreover,
biodiversity effects of land-use change are predominantly investigated in terms of habitat loss
while the impact of land-use conversions and differences in management intensity received much
less attention (De Chazal and Rounsevell 2009).
As a conceptual framework for our experiment,
we hypothesize that climate change and land-use
change importantly affect ecosystem functions
and services by their interacting inﬂuence on biodiversity above- and belowground.
Previous climate change experiments, especially those investigating the effects of changed
precipitation, were strongly biased toward grasslands, whereas other systems such as arable
ﬁelds have been underrepresented (Beier et al.
2012). Croplands cover a larger part of the total
land area in Europe than grasslands (European
Commission 2012), but there is an ongoing conversion of cropland to grassland as well as an
increase in land abandonment and extensiﬁcation (Department for Environment, Food and
Rural Affairs 2008, Plieninger et al. 2016) in
many parts of Europe. On the other hand, certain
areas face an ongoing trend toward intensiﬁcation of agricultural land use (van der Sluis et al.
2016). Such changes in land-use types and landuse intensity are known to have effects on biodiversity as well as ecosystem functions and services (Uchida and Ushimaru 2014, Gosling et al.
2017). Increasingly acknowledged in this context
are soil functions related to nutrient and water
cycling, storage of carbon, and other processes.
Until now, however, the complex interrelations
between soil processes and climate change are
only poorly understood, even though there is
consensus that soils are strongly affected by
changes in land-use type and management intensity (Chang et al. 2016, Smith et al. 2016). Land
use may further modify these effects since the
conversion of grasslands to arable ﬁelds (French
et al. 2017) as well as different management
practices such as residue management, tillage,
fertilization, and crop rotations are important

Climate change and land-use change are major
drivers of ecosystem change and affect the ability
of ecosystems to deliver essential services to
humankind. This global change is accompanied
by a loss of biodiversity at different scales (Pereira et al. 2012). Even if intensive land use is currently the major threat for species diversity
(Maxwell et al. 2016), it is expected that the climate change-induced loss of species in the future
will be substantial (Bellard et al. 2012) and
exceed the effects of habitat destruction (Leadley
et al. 2010). The importance of diversity and
composition of species assemblages for ecological functions has been an area of intense research
for decades (Tilman 1999, Hooper et al. 2005,
Brose and Hillebrand 2016). The majority of
studies have consistently shown that the loss of
biodiversity alters the functioning of ecosystems
and limits their ability to provide services to
humanity (Cardinale et al. 2012, Grimm et al.
2013, Lefcheck et al. 2015). Thus, a signiﬁcant
part of global change effects on ecosystem functions might be attributed to changes in the earth’s
biodiversity (Mooney et al. 2009, Hautier et al.
2015, Maxwell et al. 2016, Scheffers et al. 2016).
The impacts of climate change can be expected
to differ among ecosystems (Flombaum et al.
2017, Gruner et al. 2017) and hence among landuse systems. Franklin et al. (2016) pointed out
that the rate of land-use change increased
strongly in recent decades with important effects
on ecosystems which may mask or modulate the
effects of climatic changes. Accordingly, effects of
land use on ecosystems have been found to override climate change effects in some cases or show
interactive effects in others (Thompson et al.
2011, Benot et al. 2014). Especially in agroecosystems, biodiversity is directly (e.g., by seeding or
planting and agrochemicals) and indirectly controlled by increasing land management intensity,
suggesting a varying relative importance of other
global change factors. Climate and land-use
changes can thus be expected to interactively
inﬂuence biodiversity (Titeux et al. 2016, 2017,
Urban et al. 2016). For instance, drought effects
on grassland vegetation composition have been
found to be dependent on land-use intensity
(Vogel et al. 2012, Stampﬂi et al. 2018). Examining the effects of land use and climate change in
❖ www.esajournals.org
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species can allow evolutionary changes in
response to changing environmental conditions
and there is increasing evidence that these
changes can rapidly occur (Hoffmann and Sgro
2011, Franks et al. 2014) and at time scales relevant for ecological dynamics (Wieneke et al.
2004, Michalski et al. 2010, Kuester et al. 2016,
€ller et al. 2017). A recent review of plant
Vo
responses to climate change revealed that most
studies did ﬁnd phenotypic and/or genetic
changes (Franks et al. 2014). However, only a relatively low number of studies tested whether
changes were actually adaptive. Thus, the evidence that plants respond to climate change by
adaptive evolutionary changes is still limited
(Franks et al. 2007, Avolio and Smith 2013).
Rapid evolutionary changes further play a role in
climate change-driven range expansions by promoting the ability of species to spread and to
adapt to novel environments (Lustenhouwer
et al. 2018). An important consequence of such
microevolutionary responses is that traits such as
growth, development, and carbon accumulation
of plants as well as the long-term dynamics of
populations might fundamentally deviate from
what would be expected from scenarios that
ignore selection (Schmid et al. 1996, Ward et al.
2000). The opportunities for adaptive evolution,
however, will be reduced if rapid environmental
change leads to reduced population sizes and,
hence, genetic bottlenecks (Lynch and Lande
1993). However, even if genetic variation is present, adaptive evolution may be constrained by
antagonistic trait correlations, that is, if selection
favors high values of two traits that are negatively correlated (Etterson and Shaw 2001) The
incorporation of an evolutionary perspective in
climate change research and an understanding of
the ability of species to respond to global change
are therefore urgently needed (Bailey 2014,
Urban et al. 2016).
Given the multitude of mechanisms by which
climate change may affect ecosystems, studies on
the ecosystem level are necessary for a better
understanding of the potential consequences of
climate change. Ecosystem-level studies of course
require a larger plot size than in many of the previous experiments. First, investigation of many of
the critical processes such as species interactions,
changes in species interactions, soil processes,
and microevolutionary responses requires larger

mediators of soil biodiversity (Oehl et al. 2010,
Schnoor et al. 2011, Tsiafouli et al. 2015) and soil
functions such as carbon storage (Dendooven
et al. 2012, Chang et al. 2016). However, the
interaction with soil biota may strongly affect the
plant’s ability to cope with climate change phenomena such as drought (Mariotte et al. 2017),
thereby creating complex biological feedback
effects of both global change drivers on ecosystems. Comparative assessments of climatic
effects on soil systems of different land-use types
are scarce making predictions on the effects of
climate change on soil processes difﬁcult. Thus,
experimental long-term studies with different
land-use types are urgently needed (Lu et al.
2013, Bradford et al. 2016).
Similarly, species interactions aboveground are
not only affected by global change but are also
important for the ecosystem responses to global
change factors. Different trophic levels may be
differently affected by environmental change
(O’Connor 2009, Rasmann et al. 2014) with conceivable consequences for food web structure.
Climatic factors may therefore determine the relative strength of bottom-up vs. top-down control
of plant communities (van de Koppel et al. 1996,
Kuijper and Bakker 2005). These relationships
can be directly linked to climate change effects
on different land-use types since such trophic
interactions and ecological functions may be integral part of certain forms of land management
(Crowder et al. 2010, Birkhofer et al. 2011). For
example, under warming, the biological pest control by predators has been shown to be more efﬁcient in organic compared to conventional ﬁelds
(Murrell and Barton 2017). In turn, plant communities may show opposing responses to warming
depending on whether herbivores are present or
not (Post and Pedersen 2008, Mooney et al. 2009,
Kaarlejarvi et al. 2017), and ecosystem responses
to altered precipitation regimes may be reversed
on the long run due to interactions within and
between trophic levels (Suttle et al. 2007). Therefore, deeper insights into the role of species interactions are fundamental for our understanding
of interacting effects of land use and climate
change on biodiversity and ecosystems (Urban
et al. 2016).
Concepts and models on global change effects
on ecosystems often consider species as ﬁxed
entities. However, genetic variation within
❖ www.esajournals.org

3

March 2019

❖ Volume 10(3) ❖ Article e02635

€
SCHADLER
ET AL.

design, the technical implementation, and the
functionality and efﬁciency with regard to
climate manipulation.

spatial and temporal scales. Second, destructive
sampling of above- and belowground material is
necessary for a number of investigations (e.g., for
the assessment of soil functions) which introduces
disturbances into the system and interferences
with other measurements on smaller plots. Third,
owing to such destructive sampling, plot size constrains the life expectancy of an experiment (Ehleringer et al. 2006). Fourth, additional manipulative
experiments may be required to gain a deeper
understanding of the mechanisms behind ecosystem responses. Thus, a larger plot size is needed in
order to run such manipulative experiments on
small subplots without affecting the remaining
plot area. Fifth, large plot size is needed to allow a
realistic land management using agricultural
machinery or even grazing by livestock.
Manipulative ﬁeld experiments have been proven to be a suitable and informative approach
for the assessment of climate change effects in
ecosystems (Beier et al. 2012, Smith et al. 2014).
Therefore, our aim was to establish an experimental infrastructure consisting of replicated
ﬁeld plots to assess the ecosystem’s response to
climate change under different land-use scenarios. Thereby, we will provide a platform for the
investigation of interactive effects between landuse types and climatic change on ecosystem
functions and services at a level intermediate
between laboratory and regional monitoring.
The aim of the platform is further to explore the
ecological consequences of different strategies of
land use in order to assess their sustainability
under climate change, to develop and validate
models, to deduce indicators, and to steer key
processes.
Here, we introduce a novel experimental platform—the Global Change Experimental Facility
(GCEF) which allows the investigation of interacting effects of land use and climate change. The
GCEF uses mobile roofs and side panels to passively increase temperature and—in combination
with an irrigation system—precipitation on large
ﬁeld plots. A unique feature of the GCEF is the
incorporation of different realistic land-use scenarios ranging from conventional farming (CF)
to low-intensity, species-rich, and genetically
diverse pastures. This allows the investigation of
the role of biodiversity as mediating factor of global change effects. In the following, we will provide detailed information on the experimental
❖ www.esajournals.org

MATERIALS AND METHODS
Study area

The ﬁeld site is part of the ﬁeld research station
of the Helmholtz-Centre for Environmental
Research in Bad Lauchst€adt near Halle (Saale),
Saxony-Anhalt, Germany (51°220 60 N, 11°500 60 E,
118 m a.s.l.). The site is characterized by a sub-continental climate and prevailing West winds. Mean
annual precipitation averages at 489 mm (1896–
2013) resp. 525 mm (1993–2013) and mean temperature at 8.9°C (1896–2013) resp. 9.7°C (1993–2013).
The soil of the study site is a Haplic Chernozem.
This highly fertile soil type is typically developed
upon carbonatic loess substrate under summerdry climatic conditions and characterized by a
high content of humus down to a depth of more
than 40 cm (Altermann et al. 2005). The waterholding capacity of the soil is high and nearly corresponds to the mean annual precipitation in this
area. Detailed information on soil chemistry and
soil physical properties of the study site can be
found in Altermann et al. (2005). The experimental
ﬁeld site is a former arable ﬁeld with the last crop
in 2011. Construction works started in 2012.

General layout
The GCEF is arranged in a split-plot design
with climate (ambient vs. future) as main plot
factor and land use as subplot factor. We established 10 main plots with a size of 80 9 24 m
and randomly assigned them to one of two climate treatments (ambient vs. future). Every main
plot was divided into ﬁve subplots (16 9 24 m;
Appendix S1: Fig. S1) which were randomly
assigned to one of ﬁve land-use treatments (conventional farming, organic farming, intensively
used meadow, extensively used meadow, and
extensively used pasture; see below). This results
in a total of 50 subplots with ﬁve replicates for
every climate 9 land-use treatment combination
(Appendix S2: Fig. S1). All plots are equally
aligned according to the cardinal directions. Minimum distance between the main plots is 25 m.
To homogenize soil conditions and weed pressure before the start of the experiment and to test
for possible differences in plant growing
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future climate, these segments are equipped with
translucent plastic tarpaulins (93% polyoleﬁn,
7% laminated polyester, 79% direct light transmission, 71% diffused light transmission; type
QLS Abri, Svensson, Kinna/Sweden). These tarpaulins are installed as horizontal folding blinds
in all roof segments and are automatically
unfolded during roof closing. The western and
eastern (24 m long) sides of all future climate
subplots are equipped with woven plastic tarpaulins (polyethylene, direct light transmission
85%, diffused light transmission 78%; type SHS
Woven Clear B3, Novavert Greven/Germany).
These tarpaulins are installed as roller blinds and
are automatically unrolled during roof closing.
We decided to mimic any possible microclimatic side effects of the construction (Kreyling
et al. 2017) on the subplots with ambient climate
as far as possible. For this, we installed the same
steel constructions without tarpaulins on the subplots with ambient climate. All neighboring subplots are separated from each other by translucent
plastic blinds from a depth of ~50 cm belowground to a mean height of ~50 cm aboveground.

conditions between the subplots with regard to
the assigned treatments, oat was sown on all subplots in April 2013 and harvested in July 2013 as
green plants. We measured aboveground plant
dry weight, total carbon, and total nitrogen content of plants per subplot using a Vario EL III C/
H/N analyzer (Elementar, Hanau, Germany).

General construction, roofs, and side panels
All subplots were equipped with a tent-like
construction consisting of steel framework elements covering the complete ground area of
16 9 24 m (Fig. 1). Along the eastern and western sides of each subplot, seven steel girders
were ﬁxed by individual concrete footings to the
ground and carry a gable end roof-like construction. All roof girders are equipped with rain
water gutters made of translucent plastic sheet to
avoid drip off of rain water. The construction has
a total height (gable) of 5.50 m. The headroom
has a height of 4.50 allowing the use of common
agricultural machines.
The construction consists of ﬁve 4.8 9 12 m
roof segments per subplot. For the subplots with

Fig. 1. Aerial view of the Global Change Experimental Facility (23 May 2013). Picture was taken when oat was
grown on all subplots to homogenize soil conditions before the implementation of the treatments. Picture: Tricklabor/Service Drohne.
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A rain water reservoir (70 9 20 m, 3.5 m
depth) is used to store the rain water which is
collected by the roofs. Before re-irrigation, the
collected rain water is ﬁltered through seven
1000 L-pool ﬁlters ﬁlled with sand and activated
charcoal. When needed, the ﬁltered water will be
used for watering the plots through an irrigation
system which is mounted underneath the roofs
of all future climate subplots with 40 irrigation
nozzles per subplot.

time and night time warming (Harvey 1995,
Davy et al. 2017). Several analyses indicate that
this narrowing of the daily temperature range is
recently continuing in most parts of the world
(Easterling et al. 1997, Donat and Alexander
2012).
Passive night time warming is a standard
method in climate change experiments and bases
on the principle of retaining the higher daytime
temperature to increase night temperature (Beier
et al. 2004). This is usually done by covering the
plots with curtains during the night. This method
is considered as relatively inexpensive and associated with minimal disturbances (Aronson and
Mcnulty 2009). In the GCEF, roof segments and
the roller blinds at the western and eastern sides
of the subplots are automatically operated and
close every day at sunset and open at sunrise. At
high winds (>7 m/s) and during frosts, the tarpaulins are opened and out of operation to avoid
damages. Mikkelsen et al. (2008) demonstrated
that there is no passive-warming effect at wind
speeds exceeding 6 m/s; therefore, this safety
function can be expected to have no consequences for the efﬁciency of temperature manipulation. Further, temperature for roof operation
is measured in the height of 5 m, and therefore,
the roofs are still active during the ﬁrst and last
ground frost events of each winter (see Results).
Precipitation treatment.—Since there is no trend
toward heavier rain or drought events predicted
for our study area in the future, we decided to
offset the projected change in the amount of rain
according to season against the ambient precipitation pattern. This requires a continuous adjustment of irrigation and/or roof closing on the
subplots with future climate. For this, two different procedures are realized. In spring (1 March–
31 May) and in autumn (1 September–30
November), we assessed the amount of precipitation on a weekly basis or immediately after
heavy rain from the plots with ambient climate.
This value is compared to the amount of rainfall
in the future climate plots (which might be
already reduced due to night closing of the
roofs), and collected rain water is added via the
irrigation system to the future climate plots to
reach 110% of ambient rainfall. During the summer months (1 June–31 August), the procedure is
slightly more complex. During this time, if night
closing of roofs results in a reduction in

Climate manipulation
The basis for our future climate scenario is projections based on different dynamic regional climate models for the period of 2070–2100
summarized by the regional climate atlas of
Germany (www.regionaler-klimaatlas.de), which
shows how climate change will affect different
regions in Germany during the next decades. As
guideline for our climate treatment, we used 12
climate simulations under four different emission
scenarios with three established regional climate
models: COSMO-CLM (Rockel et al. 2008),
REMO (Jacob and Podzun 1997), and RCAO
€scher et al. 2002). Even if these different sim(Do
ulations produce a variety of projections for
future climate, there is also a certain consensus
regarding some general trends in Central Germany. While the mean temperature is projected
to increase over all seasons of the year by about
2°C, the amount of precipitation is projected to
change depending on the season with a strong
decrease in summer and a slight increase during
the rest of the year. However, the magnitude of
these projected changes may vary substantially
and there is no climate scenario which is more
likely than the others. We therefore decided to
use the mean values of projections of climate
change across the different climate simulations
as guideline for our experiment (state December
2013). This yielded a mean projection of precipitation increase of ~10% in spring (March–May)
and autumn (September–November) but a
decrease of ~20% in summer (June–August).
Temperature treatment.—The future increase in
daily mean temperatures is often interpreted as a
result of increased daily minimum temperatures
due to stronger cloudiness and higher greenhouse gas emissions (IPCC 2014). The projected
increase in temperature is predicted to be associated with a distinct asymmetry between day
❖ www.esajournals.org
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control is done through soil cultivation and with
spring tine harrows.
Intensively used meadows.—The species composition of the intensively used meadows follows
the ofﬁcial recommendations of the State
Research Centre for Agriculture and Horticulture
of the local federal state Saxony-Anhalt for temporary drier sites managed by mowing (Zentrum
€ r Acker- und Pﬂanzenbau 2012). The recomfu
mended seed mixture (RG8) contains 10% (w/w)
of early-season cultivars of Lolium perenne, 10%
of mid-season cultivars of L. perenne, 50% of
“Festulolium” (Festuca pratensis 9 Lolium multiﬂorum), 20% of Dactylis glomerata, and 10% of Poa
pratensis. Sowing quantity was 30 kg/ha. A moderate mineral NPK fertilization is applied every
year at the start of the growing season and after
the ﬁrst, second, and third cut (Appendix S3:
Table S1). The grassland was sown in autumn
2013 and mown three times in 2014 (mid of
spring, early summer, and early autumn). Beginning with 2015, mowing frequency was
increased to four times per year (mid of spring,
early summer, late summer, and mid of autumn).
Extensively used meadow and extensively used
pasture.—1. Species selection.—We aimed to establish highly species-rich grasslands from the regional species pool to facilitate ecological and genetic
reactions to the experimental changed precipitation and temperature regimes. Thus, the species
selection for the extensively used meadow (EM)
and pasture followed four main criteria:
1. Species selected are typical for mesotrophic
and mesophilous to dry meadows and pastures as well as for steppe grasslands of the
dry region of Central Germany which are
present in Arrhenatherion, Cynosurion, Festucion valesiacae, and Cirsio-Brachypodion
communities (Schubert et al. 2009).
2. The species selected cover a broader variety
of potential niches with respect to temperature and moisture conditions, as indicated by
the respective indicator values (Appendix S4:
Table S1).
3. Species selected present all main life and
growth forms of grasslands in Germany
such as annuals, biennials, and perennial
herbs (including legumes and perennial
grasses).
4. High species richness was achieved by selection of 56 species (14 grass species, 10

precipitation of more than 20%, rain water is
added to reach 80% of ambient precipitation. In
case that precipitation in the future climate subplots is still higher than 80% of ambient rainfall,
or if rain is forecasted mainly during the day, a
rain sensor is switched on to close the roofs also
during rainfall beyond the night time. Roofs are
automatically opened 15 min after the end of
rain. Again, these adjustments are made at least
at a weekly basis or after heavy rain events.

Land-use types
Our aim was to use a set of land-use types
which also differ with regard to management
intensity (intensity and frequency of disturbances, applications of agrochemicals). Further,
we aimed to realize characteristic and typical
land-use scenarios for Central Europe with their
full and typical set of management measures. In
Europe, cropland is the second most abundant
land cover type (after woodlands) comprising
nearly a quarter of the total area followed by
grasslands (~20%; European Commission 2012).
We therefore decided to use these two land-use
types with different levels of management intensity in our experiment.
Conventional farming.—This land-use system
includes a typical regional crop rotation consisting of a sequence of winter rape, winter wheat,
and winter barley. Mineral fertilizers, stem stabilizers, and pesticides are applied as usual in conventional agricultural practice (Appendix S3:
Table S1). We started with sowing winter rape in
August 2013.
Organic farming.—According to the EU regulation for organic agriculture (European Union
2007), only physical weed control instead of herbicides and a restricted use of other pesticides
are allowed. Application of mineral N-fertilizers
which can be used for CF is not allowed. In the
GCEF, nitrogen fertilization is done by the inclusion of legumes every three years in the crop
cycle. In two out of three years, the crop cycle for
organic farming in the GCEF includes winter
wheat and winter barley just as for the CF. In the
ﬁrst and fourth year of this bipartite crop
sequence, alfalfa and white clover are included
in the crop cycle, respectively. Besides the biological nitrogen ﬁxation by legumes, fertilization is
exclusively applied as rock phosphate and patent
kali (K-Mg-S) in years with legumes. Weed
❖ www.esajournals.org
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legumes, and 32 other herbs) that are a representative selection of the regional species
pool.

(topping). Beginning with 2015, the EM was
managed by two cuts every year (mid- to late
spring, mid of summer). No further management
measures are applied.
Management of the extensively used pasture
(EP) was the same like for the EM until the end
of 2014. In the mid of summer 2015, the ﬁrst
grazing event was conducted. In 2016, grazing
took place two times in early summer and early
autumn. Beginning with 2017, sheep are allowed
to graze three times per year (early spring, midto late spring, and mid of summer). The lower
grazing intensity at the beginning of the experiment was applied to allow all grassland species
to establish despite selective grazing and trampling pressure. Grazing is conducted as shorttime high-intensity grazing events (managed
intensive rotational grazing, mob grazing) with a
group of ~20 sheep (German black-headed mutton sheep) grazing on each EP-subplot for 24 h.
This kind of grazing management is considered
to have advantages from the economic (more
uniform seasonal forage production and potentially higher forage yield and quality) and ecological point of view (less soil erosion,
maintenance of grassland species richness;
Launchbaugh et al. 2006) and is recommended
€r
for nature conservation purposes (Landesamt fu
Landwirtschaft, Umwelt und l€andliche R€aume
2010).

Seed sowing densities are given in Appendix S4:
Table S1.
2. Genetic variation within plant populations.—
We aimed to establish genetically highly diverse
populations originating from natural source populations. Exceptionally, seed propagated for
restoration was used from a local producer of certiﬁed regional seeds. As regional adaptation is
common among Central-European grassland species (Weisshuhn et al. 2012, Bucharova et al. 2017,
Durka et al. 2017), seeds should originate from a
regional gene pool. Therefore, seeds were collected in a total of 69 grassland sites, at distances
between 6 and 210 km (mean 42 km) from the
experimental site. Most sampling sites were
located in the region Central German Lowlands
comprising seed transfer zone No. 5 and 20 of the
German regional seed source system (Bucharova
et al. 2018). Only ﬁve sites were located in adjacent seed zones. Finally, for each of the 56 species,
between 1 and 6 source populations were available (average: 2.8). Species sown at high densities
(≥30 seeds/m2: 3.4 source populations, see
Appendix S4: Table S1) were on average collected
from more source sites than low-density species
(≤20 seeds/m2: 2.3 source populations).
To assess the genetic diversity within and
among source populations and to assess the representation of source sites in GCEF subplots after
the establishment phase, we identiﬁed anonymous molecular genetic markers (AFLP) in a
subset of six species. Analyses showed that
source populations were signiﬁcantly genetically
differentiated from each other and that GCEF
populations are representing a mixture of available gene pools (A. M. Madaj, S.G. Michalski,
and W. Durka, in preparation), providing a broad
basis for future microevolution in response to
experimental treatments.
3. Management.—Management of the extensively used grasslands is intended to represent
strategies for sustainable grassland management
with maintenance of biodiversity. In the EM,
mowing takes place two times per year (mid- to
late spring and mid of summer). In the establishment phase in 2014, one ﬁrst mowing was
applied to repress establishing arable weeds
❖ www.esajournals.org

Assessment of initial soil conditions
In order to assess soil characteristics before
implementing the treatments, we performed a
grid-cell soil sampling after oat harvesting. The
core area (15 9 12 m) of each subplot (see Climate
Measurements) was divided into nine sub-subplots
(5 9 4 m). For each of these sub-subplots, composite soil samples were obtained by pooling 30
soil cores with 12 mm diameter from two soil layers (0–15 cm and 15–30 cm depth). For the deeper
soil layers (30–50, 50–100, 100–150, and 150–
200 cm), three soil cores (18 mm diameter for the
ﬁrst meter and 8 mm diameter for the second
meter) taken at a diagonal transect on each subplot were pooled. Before disassembling the cores
into the four depths, the soil cores were used for
surveying the thickness of the different soil layers
(Chernozem, mixed horizon, loess, and till). For
all depths, total amounts of carbon and nitrogen,
stable C and N isotopes, carbonate content, and
8
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pH were measured. For the two upper soil layers
(0–15 and 15–30 cm), in addition, labile C and N
pools as well as available phosphorus were quantiﬁed. For the uppermost soil layer, microbial biomass carbon was determined. Total carbon and
nitrogen were determined by dry combustion
using a Vario EL III C/H/N analyzer (Elementar).
Carbonate concentration was determined by conversion into CO2, water, and CaCl2 by 4 mol/L
HCl. The liberated amount of carbon dioxide was
measured volumetrically with a Scheibler apparatus. Hot water-extractable C and N, which represents the labile C and N pools, were determined
from 10 g of air-dried soils according to Schulz
(2002). Mineral N fractions, that is, ammonium
and nitrate, were extracted with 1 mol/L KCl (1:4
w/v) from 10 g soil by shaking for 1.5 h and measured using a ﬂow injection analyzer (FIAstar
5000; Foss GmbH, Rellingen, Germany). Plantavailable P was extracted from fresh soil with
double lactate (1:50 w/v, pH: 3.6, 1.5 h) and quantiﬁed colorimetrically using the molybdenum
blue method (Murphy and Riley 1962). Microbial
biomass carbon was estimated using 20 g dry
equivalent of ﬁeld-moist soil from the CO2
response after addition of 0.8 g of a glucose/talcum mixture (1:1.5 w/w) according to Anderson
and Domsch (1978). Bulk soil densities were
determined using soil cores (5 cm diameter) from
each subplot in the ploughed (20–25 cm) and
unploughed (40–45 cm) topsoil according to ISO
17892-2.

and the sensor nodes can, for example, in management measures are taken out easily.
The ultra-low power continuous self-organizing mesh multi-hop network uses bidirectional
protocol capability with a 6LoWPAN wireless
application, complies the IEEE 802.15.4 communication standard, and operates within the
€tze et al. 2013). All network
2.4 GHz band (Go
nodes are time synchronized with each other and
there is a local memory on each node for data
redundancy, which can hold data for a few days.
To enable effective multi-hop data communication in the sensor network, router nodes are
mounted on each steel construction for redundancy. The power is supplied to all measuring
nodes by means of batteries, only the routers are
powered by the local power grid. The highscaled wireless sensor network consists of about
300 network nodes (including routers) and has
been in continuous operation for about three
years. The network nodes (AT-ANY2400-1 with
Atmega1281V Microcontroller and AT86RF231
receiver; A.N. Solutions GmbH, Dresden, Germany) use sensors (Appendix S5: Table S1) with
a digital interface (I2C or RS485) or converted the
analog signals with the implemented A/D converter and use a TinyOS operation system. The
sensors as well as the network nodes are
mounted on tripods on each plot or block. Data
from the sensor network are collected with a
gateway device and transmitted to a SQL database via a network connection and can be visualized and processed online. The gateway device
(works with an embedded Linux system) has
been integrated to serve as an embedded logger
and access point to data from the sensor network. Dedicated services visualize both the status of the network and the measurement data,
which allows the sensor network to be monitored remotely and can be used for control of the
GCEF entire system.

Climate measurements
To avoid edge effects, all measurements are
restricted to a core area of 15 9 12 m within each
subplot, resulting in buffer zones of 2 m to each
of the side panels and 4.50 m to the open (gable)
sides of the subplots. In this core area, several
smaller subunits are devoted to different regular
assessments of ecosystem and population
responses to the treatments and manipulative
experiments.
For the measurement of microclimate parameters and other parameters, a high scalable ad-hoc
wireless sensor network has been employed as
central component of the experimental platform.
This adaptive process-oriented approach can be
used for the continuous modiﬁcation, extension,
and improvement of the sensor network itself. It
eliminates the circumstance of a complex wiring
❖ www.esajournals.org

RESULTS
Soil conditions
The study site has a Chernozem topsoil layer
(Axh) with an average thickness of 47  7 cm,
followed by a mixed horizon (elC+Axh) of
18  4 cm (means  standard deviation). The
Axh horizon is most relevant for plant growth
and showed a total variation between 33 and
9
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61 cm depth with one considerable outlier of
81 cm in one subplot. The parent material loess
is found at average depths of 65 cm and has a
thickness of 65  7 cm. In deeper depths of
130  7 cm, till layers were observed, which
were in most cases clearly separated from the
loess layer by a thin stone layer. Bulk soil density
was 1.31  0.11 g/cm3 and 1.33  0.11 g/cm3 in
the ploughed (20–25 cm) and unploughed (40–
45 cm) topsoil. Soil chemical properties are given
in Appendix S6: Table S1.
The oat harvest in summer 2013 before the
start of the experimental treatments on all experimental subplots was used to test for possible
effects of soil conditions on plant growth with
regard to the assigned but not yet implemented
treatments. We did not ﬁnd any signiﬁcant
effects on dry weight (climate: F1,8 = 1.43,
P > 0.05; land use: F4,32 = 1.42, P > 0.05; interaction: F4,32 = 0.53, P > 0.05) or moisture content of
oat (climate treatment: F1,8 = 2.86, P > 0.05; land
use: F4,32 = 0.57, P > 0.05; interaction: F4,32 =
0.67, P > 0.05). The same conclusion can be
drawn with regard to nitrogen content (climate:
F1,8 = 0.43, P > 0.05; land use: F4,32 = 1.83, P >
0.05; interaction: F4,32 = 2.23, P > 0.05), carbon
content (climate: F1,8 = 0.21, P > 0.05; land use:
F4,32 = 0.68, P > 0.05; interaction: F4,32 = 0.94,
P > 0.05), or C/N-ratio (climate: F1,8 = 0.48, P >
0.05; land use: F4,32 = 1.40, P > 0.05; interaction:
F4,32 = 1.72, P > 0.05).

and 9.2%, whereas summer precipitation was
decreased by 19.3%. Since precipitation is generally higher during the summer months,
increased precipitation in spring and autumn
could not alleviate the effect of summer reduction resulting in a decrease in annual precipitation by 7.4% in 2015 and 4.8% in 2016. The
temporal pattern of precipitation across the two
seasons was similar for the ambient and future
climate treatment (Fig. 2).
Night closing of the roofs and side panels
resulted in a consistent increase in air temperatures during the nights (Fig. 3). This resulted in a
remarkably similar increase in the mean daily temperature of 0.55°C in a height of 5 cm and 0.24°C
in a height of 70 cm in both years during the times
in which the roof closing was active (Table 1,
Fig. 4A, B). The daily minimum temperatures
(Fig. 4C, D) showed a stronger increase in the
warming treatment compared to the daily maximum temperatures (Table 1, Fig. 4E, F). Especially in a height of 70 cm over soil surface,
there was no signiﬁcant effect of roof closing on
maximum air temperature. There was also a
trend toward higher temperatures during the
winter months in which the roofs are inactive.
Especially, the daily minimum temperatures
were slightly but signiﬁcantly increased during
winter months (Table 1).
Close to the soil surface, the mean minimum
temperature dropped below 0°C in autumn 2015
at 2 October in the ambient climate plots but only
at 12 October in the future climate plots. Last
sub-zero temperatures of this winter were
recorded at 29 April for the plots with future climate and at 3 May 2016 for ambient subplots.
This resulted in a two-week longer frost-free period on the future climate plots in winter 2015/
2016. During this period, we recorded 87 d with
temperatures below 0°C on subplots with future
climate vs. 93 d for the subplots with ambient climate (based on the mean minimum temperature). In autumn 2016, ﬁrst sub-zero minimum
temperature was recorded at 23 October for both
treatments. The potential for plant growth was
assessed as growing degree days (GDD) assuming thresholds of 5°C and 30°C for plant growth
(Beier et al. 2004). Across the two years, we
found an increase in GDD by 5.2% in warmed
plots (5015.4 GDD) compared to ambient plots
(4767.8 GDD).

Climate treatment
The rooﬁng phase was initiated on 25 February
2015 as well as on 23 March 2016 and terminated
on 11 December 2015 as well as on 23 November
2016 after consideration of the respective weather
forecasts. Roofs were active 79.2% (2015) and
82.0% of the night time, and interruptions were
due to frost (9.3% in 2015 and 8.2% in 2016) and
strong wind (11.5% in 2015 and 9.8% in 2016)
during these rooﬁng phases. Interruptions of
roof closing were more common during the early
spring and late autumn (Appendix S7: Fig. S1).
We were able to alter the precipitation regime
on the plots according to targeted values of our
future climate scenario. In 2015, precipitation
was increased by 9.3% and 8.1% in spring and
autumn, respectively, but decreased by 20.1%
during the summer months. In 2016, spring and
autumn precipitation was increased by 13.6%
❖ www.esajournals.org
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Fig. 2. Weekly amounts of ambient and manipulated precipitation on experimental plots in two experimental
years: (A) 2015 and (B) 2016. White bars are ambient climate, gray bars are future climate.

The increase in temperature due to night closing of the roofs was also detectable within the
soil (Table 1, Fig. 5). However, in contrast to air
temperatures, the increase in soil temperature
was not only obvious during the night but also
peaked during the day around noon near the soil
surface and in the afternoon hours deeper in the
soil (Appendix S8: Fig. S1). Therefore, the mean
❖ www.esajournals.org

increase in temperature was often found to be
more pronounced in the soil, especially at higher
depth (15 cm), than for air temperatures
(Table 1). This increase in soil temperature during the hours with intensive insolation can be
explained by the lower vegetation cover on the
subplots with future and should therefore be
interpreted as feedback effect which further
11
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Fig. 3. Mean air temperatures (5 cm above soil surface) on plots with intensively managed meadows during
one exemplary week in autumn 2015. Gray areas indicate the nightly periods of roof closing.
Table 1. Average deviation of daily mean, minimum, and maximum temperatures on plots with future climate
compared to plots with ambient climate during times with and without nightly roof closing at different heights
and depths in the intensively used meadows (standard error).
Period
Climatic variable
Daily mean temperature (air)
5 cm
70 cm
Daily minimum temperature (air)
5 cm
70 cm
Daily maximum temperature (air)
5 cm
70 cm
Daily mean temperature (soil)
1 cm
15 cm

1 June 2015–11
December 2015

12 December 2015–23
March 2016

24 March 2016–22
November 2016

23 November 2016–31
December 2016

Roofs active

Roofs inactive

Roofs active

Roofs inactive

+0.55° ± 0.03°C
+0.24° ± 0.01°C

+0.01°  0.01°C
+0.09° ± 0.01°C

+0.55° ± 0.03°C
+0.24° ± 0.01°C

+0.08° ± 0.03°C
+0.09° ± 0.01°C

+0.95° ± 0.06°C
+0.56° ± 0.03°C

+0.04° ± 0.01°C
+0.17° ± 0.01°C

+1.14° ± 0.06°C
+0.58° ± 0.03°C

+0.11° ± 0.04°C
+0.11° ± 0.02°C

+0.43° ± 0.06°C
0.02°  0.02°C

+0.03°  0.02°C
+0.02°  0.01°C

+0.24° ± 0.03°C
0.02°  0.02°C

+0.04°  0.03°C
+0.05° ± 0.02°C

+0.65° ± 0.02°C
+0.53° ± 0.02°C

+0.11° ± 0.01°C
+0.07° ± 0.01°C

+0.44° ± 0.02°C
+0.48° ± 0.02°C

+0.31° ± 0.03°C
+0.23° ± 0.02°C

Notes: In 2015, roofs were active since the end of February, but sound air temperature data are available since June for technical reasons. Values different from zero (t test, P < 0.05) are given in bold.

favors soil warming. Moreover, this lower vegetation cover had also consequences for soil temperatures in phases during which the roofs were
inactive. As a result, we could observe a stronger
❖ www.esajournals.org

soil warming during the day especially in the
upper soil horizon due to higher exposure of soil
surface to direct insolation on plots with lower
vegetation cover, whereas during the night, the
12
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Fig. 4. Average change in daily mean air temperature (A, B), daily minimum temperature (C, D), and daily
maximum temperature (E, F) recorded 5 cm (A, C, E) and 70 cm above soil surface (B, D, F) on plots with future
climate relative to plots with ambient conditions, across all land-use types. Gray areas indicate times of the years
in which the roofs were active.

❖ www.esajournals.org

13

March 2019

❖ Volume 10(3) ❖ Article e02635

€
SCHADLER
ET AL.

climate change effects depending on complete
and realistic land-use scenarios, including the
typical set of management and cultivation measures (e.g., quality and quantity of fertilization,
species compositions resp. crop rotations, etc.).
The GCEF was designed and established to close
this gap and to serve as a long-term experimental
platform to study ecosystem responses to climate change under different common land-use
scenarios.
The modulation of the ambient climatic conditions according to a future scenario in the GCEF
maintains the intra- and inter-annual climatic
variability of temperature and precipitation. This
approach mimics the realistic situation that there
will be warmer as well as colder years in the
future and that despite a trend to dryer summers; some of the future summers will be even
wetter than some of them today. Our approach
of a continuous modulation of ambient amounts
of precipitation pattern was successful in maintaining the general natural rainfall pattern.
Knapp et al. (2017) consider this as imperative
for precipitation experiments since wet and dry
years often show typical patterns regarding
duration, number, and seasonality of rain events,
and changing these patterns can be seen as
“hidden treatment” for ecosystem responses.

soil temperature dropped below the values in the
control plots due to stronger heat emission
(Appendix S9: Fig. S1). Nevertheless, in sum, this
caused higher soil temperatures even in winter
with strongest effects at the end of 2016 (Table 1),
when also differences in the proportion of bare
soil between plots with ambient and future climate were highest (Appendix S10: Fig. S1). This
further explains the trend toward higher air temperatures during the winter months.

DISCUSSION
The investigation of the effects of climate
change on the functioning of ecosystems under
different land-use scenarios requires experimental approaches which combine realistic scenarios
of both future climate and common land-use
practices. There is increasing awareness of the
eminent role of interactive effects of global
changes factors on grasslands and other agroecosystems (Wu et al. 2011). Thus, the last decades have seen an increase in manipulation
experiments which alter either one or several climatic factors, sometimes in conjunction with
management options such as mowing and grazing (White et al. 2012). However, there is still a
lack of studies which comparatively investigate

Fig. 5. Average change in soil temperatures at a depth of (A) 1 cm and (B) 15 cm in response to roof closing on
plots with future climate relative to plots with ambient conditions, across all land-use types. Gray areas indicate
times of the years in which the roofs were active.

❖ www.esajournals.org
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increase in larger-scale ecological experiments.
This is in accordance with projections of future
climatic conditions and further reﬂects the trend
across past decades (Easterling et al. 1997, Donat
and Alexander 2012). Considering the different
mechanisms of daily temperature variations
might be essential since the relative importance
of minimum temperatures vs. maximum temperatures might change depending on environmental conditions (Shen et al. 2016). Speights et al.
(2017) pointed out that only few studies explicitly addressed the effects of night time warming
and decreased daily temperature variation, but
this might have potentially important consequences for plant growth (Dhakhwa and Campbell 1998, Cheesman and Winter 2013) and
phenology (Rossi and Isabel 2017) as well as
implications for the productivity of crop plants
(Garcıa et al. 2015). Further, diurnal temperature
variations have been shown to affect insect ecology and behavior (Vangansbeke et al. 2015,
Speights et al. 2017). This might also have practical implications for pest control since in contrast
to the often predicted increased probability of
pest outbreaks with higher daily mean temperatures in the future (Taylor et al. 2018), pest species might be detrimentally affected by night
time warming (Zhao et al. 2014). This is complicated by potentially strong effects of daily temperature variations on trophic interactions
between insect populations (Stoks et al. 2017)
and the resulting top-down effects on vegetation
(Barton and Schmitz 2018). Moreover, the effects
of climate change on predator–prey interactions
and pest control have been shown to differ
between differentially managed agricultural systems (Murrell and Barton 2017).
Passive night time warming usually imposes
only modest increases in mean temperature in
climate change experiments (Beier et al. 2004). In
our experiment, the number of days with frost
was reduced on our plots with future climate,
whereby the potential for plant growth was
increased. The observed increase in GDD by
5.2% lies within the range observed in passivewarming experiments along a European gradient
from Spain (no change) to Northern European
sites (+9–12%; Beier et al. 2004). These variable
effects on the length of growing season indicate
that with decreasing latitude, temperature is a
less limiting factor of plant growth. However,

The continuous monitoring of the amount of
natural precipitation together with the quick
adjustments via rain-controlled sensors for roof
closing and the irrigation system allowed a relatively precise manipulation according to the proposed scenario without important changes in the
within-seasonal precipitation patterns. Most precipitation experiments are designed to either
reduce or increase the total amount of annual
rainfall (Knapp et al. 2017). In contrast, the GCEF
allows the consideration of seasonally differing
projections of precipitation patterns by a combined use of mobile roofs and irrigation systems.
Depending on the distribution of the amounts of
rain across the speciﬁc year, the seasonal manipulation might lead to reduced or increased total
annual precipitation. In our region of Central
Germany, average rainfall is highest during the
summer months and therefore a decrease in summer precipitation will usually lead to a moderate
reduction in total annual precipitation despite
increased precipitation in spring and autumn.
The seasonal timing of water availability has
been shown to be a crucial determinant of the
effects on above- and belowground productivity
in grasslands, and thus, on local scales, the predictive power of mean annual precipitation for
productivity may be low (Denton et al. 2017).
Shifts in the seasonal timing of droughts are
expected to be common in the future, and many
models predict reduced rain during the summer
months but increased precipitation during the
rest of the year in large parts of Europe (Christensen et al. 2007). The combined use of mobile
roofs and irrigation system allows the manipulation of this seasonal precipitation pattern according to these scenarios. The mobile roofs of the
GCEF are mainly operating during the night,
and roof closing via rain sensor during the day
to further reduce summer precipitation is not
very often necessary. Further, since roofs automatically close upon rain and automatically open
15 min after the rain, possible microclimatic side
effects are minimized compared to experiments
which use ﬁxed roof constructions during longer
periods (Kundel et al. 2018).
In our experiment, passive night warming
causes an increase in daily mean temperatures
mainly as a result of the increase in (nightly) minimum temperatures and can be seen as favorable
option to implement passive temperature
❖ www.esajournals.org
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increasing (night) temperatures on experimental
plots since they exert a minimum of side effects
(Beier et al. 2004, Aronson and Mcnulty 2009).
These roofs are usually made of plastics, and
their efﬁciency can be increased by materials
reﬂecting the infrared radiation (Mikkelsen et al.
2008). Such materials are not available for larger
plots like in the GCEF, and we therefore decided
to equip the plots with two side panels to
increase the warming effect without creating a
greenhouse-like environment during the night.
We consider the automatic operation of roofs as
important to avoid unwanted side effects since
daytime shading by permanent roofs has been
shown to cause cooling effects (Gundersen et al.
1998). Nevertheless, the majority of experiments
still use permanent rain-out shelters which further have several other unwanted microclimatic
side effects (Kreyling et al. 2017). However, a
technical drawback of the GCEF and many other
infrastructures is that operation during the winter months is limited or even impossible during
times of frequent freezing events what might
affect ecosystem responses to the climate change
treatment (Sanders-DeMott and Templer 2017).
Especially, the manipulation of the different
types of precipitation during wintertime is technically challenging.
Soil conditions are known to react slowly to
environmental changes, and microevolutionary
processes necessarily have to be observed over
several generations. Further, ecosystems are suggested to show complex transient responses to
climate change involving a temporal hierarchy of
responses (Smith et al. 2009). For these reasons,
the GCEF is planned to run for at least 15 yr, but
we consider a time span of 20–25 yr as desirable
and feasible. The relatively large size of the
experimental plots (400 m2) has a number of
advantages for the long-term research on ecosystem and community responses in the GCEF.
First, it allows the establishment of a relatively
large buffer zone around the inner plot for
research purposes. Second, long-term series of
several measurements have to be to some extent
necessarily destructive. For instance, the assessment of soil chemical and physical parameters,
root biomass, and community structure of
belowground biota causes soil disturbances
which might affect the surrounding soil and vegetation. The large plot size allows us to organize

even for more temperate regions, there is no simple relationship between an increase in temperature and productivity. In contrast, in droughtprone areas, even a rather modest temperature
increase by 1°C may lead to considerable reductions in crop yields (Pinke and Lovei 2017). Thus,
a reduced precipitation may counteract potentially favorable temperature conditions for plant
growth, calling for experimental approaches
which consider both factors of climate change.
The warming effect of our manipulation was also
detectable in different soil depths and is, in contrast to air warming, sustained throughout the
year. This effect has also been found in other
experiments using passive night time warming
(Mikkelsen et al. 2008). At least in our experiment, this effect can be attributed to the lower
vegetation cover in plots with future climate
causing a higher direct solar radiation of the soil
surface. As a consequence, soil temperature is
increased also during the day, especially in the
afternoon. We consider this increase in soil temperature due to lower vegetation cover and consequently stronger insolation as a realistic
mechanism under future climatic conditions.
Many different technical approaches are available to increase temperature in ﬁeld experiments,
each associated with certain drawbacks and beneﬁts. Active warming by infrared heaters has
been criticized for producing ecophysiological
side effects in plants and for the rather non-uniform warming effect on experimental plots (Kimball 2005). Similarly, soil heating cables are
causing non-realistic temperature gradients in
soil and other artifacts (Mchale and Mitchell
1996). Moreover, this technique would be not
appropriate for our experiment due to regular
soil cultivation in the crop ﬁelds. In general,
active warming techniques are highly energyconsuming approaches and therefore also not
feasible for ﬁeld experiments with many large
plots for economic reasons. In contrast, open-top
chambers are a technically simple and easy to set
up passive-warming approach which is especially suited for investigations in remote areas
and for high replication. However, it is only suitable for rather short-statured vegetation and
smaller plots, even if combined approaches
with heating systems partly compensate for these
drawbacks (Sun et al. 2013). Mobile roofs
have therefore become a standard method for
❖ www.esajournals.org

16

March 2019

❖ Volume 10(3) ❖ Article e02635

€
SCHADLER
ET AL.

a basic measurement program for soil traits without interferences with other experimental manipulations or measurement on these plots. Of
course, this problem is more relevant for the
grasslands, whereas in the crop ﬁelds, these
effects can be considered as negligible due to regular soil cultivation. Nevertheless, it is our philosophy to keep such disturbances as low as possible
and to use taken soil and plant samples for as
many different assessments as possible. Further,
from each sample, deep-frozen as well as dried
subsamples of plant and soil material are stored
in an archive for future research projects. Third,
complete land-use scenarios can be realized
including particular crop rotations or species combinations, the corresponding application of agrochemicals, and the use of usual agricultural
machinery and equipment what would not be
possible on a small plot size. For this, the experimental ﬁeld station in Bad Lauchst€
adt gives the
optimal frame conditions since the necessary
equipment is available. We are aware that prioritizing larger spatial and temporal scales as well as
multiple factor levels and replication also has
drawbacks regarding the inclusion of other
important global change factors into the design.
For instance, the increase in atmospheric CO2
levels is regarded as an important factor of global
change, but its experimental implication is technically and budgetary challenging and therefore
usually associated with smaller plot sizes and/or
low replication (McLeod and Long 1999). In order
to design the experiment according to our central
research question—how land use and climate
change interactively inﬂuence ecosystem functions—we therefore disregarded atmospheric CO2
concentration.
Climate changes will have profound impacts
on ecosystem dynamics and ecosystem services,
and are themselves dependent on mitigation
technologies inﬂuencing present land-use systems. Sound management and policy intervention can restore ecosystems and safeguard their
sustainable use. For that reason, basic information is needed on the functioning of ecosystems
and on the inﬂuences of climate and land-use
change as complex pressures on ecosystem services. Manipulative experiments are essential for
the assessment of ecological key processes which
trigger ecosystem transformations (Beier et al.
2012, Reichstein et al. 2013). Climate change and
❖ www.esajournals.org

land use, however, are interrelated in many different ways including feedbacks between them
(Feddema et al. 2005, Foley et al. 2005). To complicate things, different scenarios of climate
change can be linked to projected changes in
land-use patterns, for example, the percentage
area used for food production and croplands
€ter et al. 2005, Schmitz et al. 2014). Adap(Schro
tation strategies to climate change will therefore
not only include short-term adjustments (e.g.,
changes in crop species and management activities) but also include changes in the allocation of
land to different land-use systems (Olesen and
Bindi 2002). A large part of our current knowledge is based on scenarios and modeling
approaches. However, ﬁeld experiments manipulating the complex inﬂuence of land use and climate change on ecosystems are urgently needed
to better understand and quantify the underlying
processes, to develop and validate models, to
deduce indicators, to develop strategies for sustainable land use, and to steer key processes. For
this, modeling based on experimental data
greatly contributes to the understanding of key
processes and allows upscaling to spatial and
temporal scales not covered by our experimental
approach. In the framework of the GCEF, a number of modeling approaches have been initialized
addressing research questions from the community to the landscape level. For instance, vegetation and soil data are used for the regionally
transferable parametrization of process-based
vegetation models (e.g., GRASSMIND, see Taubert et al. 2012) coupled with soil models (e.g.,
CANDY, see Franko et al. 1995) and to deduce
management options for maintaining high biodiversity and reducing leaching in grasslands.
The vast majority of global change experiments, however, is not only conducted in different biomes and land-use systems but also under
different regional settings and employing different methodologies (Smith 2011, Knapp et al.
2017) what makes the assessment of key processes difﬁcult. One approach to deal with this
issue is to set up coordinated distributed experiment (CDEs). Coordinated distributed experiments are characterized by rather simple and
low-cost experimental set-ups which allow the
comparison of a high number of experimental
sites on a more global perspective (Fraser et al.
2013, Borer et al. 2014, Knapp et al. 2017). While
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these CDEs are usually designed to examine the
responses of one land-use type across a geographical gradient, our approach in the GCEF
investigates the responses of different ecosystems
under speciﬁc regional and experimental settings. Furthermore, there is an increasing awareness of the importance of extremes and nonlinear behavior in relationships between climate
change and ecosystem responses (Kreyling et al.
2014, Kayler et al. 2015, Damgaard et al. 2018).
Gradient approaches are therefore a valuable
tool in particular in the research on extreme
events and tipping points (de Boeck 2018). We
therefore consider them as a supplementary
approach in addition to scenario-based experiments such as the GCEF. According to the tripartite trade-off between realism, generality, and
precision in experimental ecology (Levins 1966,
Morin 1998), we consider the GCEF as an important step toward realism and as complementary
to other approaches targeting rather generality
(CDEs, gradient approaches) and precision (e.g.,
climate chambers), together resulting in a better
understanding of general patterns of ecosystem
responses to global change.
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