
Response to comments by Anonymous Referee #1:  

 

General Comments: 

 

The manuscript by Groh et al. aims primarily at evaluating if, and to what extent, 

changes in local climatic conditions among some German sites affect crop production 

and water use efficiency. The evaluation is carried out through a “space-for-time” 

(SFT) framework by moving soil monoliths contained in lysimeters in two locations 

subjected to different aridity index. Among the various outcomes of this study, the 

authors claim that a more efficient crop water use occurs under less optimal soil 

moisture conditions. The text reads well and is properly organized, although some 

parts are too wordy or seem going astray in describing the moving of the lysimeters. 

Figures and tables are satisfactory, but I suggest that the readability of Figs. 2 and 3 

should be improved. As I will specify below, I have some concerns about the 

approach and modeling tool used, and the discussion of some results. Therefore, 

while the topic is of current interest for the HESS readership, this paper should not be 

accepted in its present form, requires major revisions or should be rejected 

altogether. 

 

Response: The authors thank Referee #1 for reviewing our paper.  

We improved the readability of the text and figures (see line 281 Fig. 2 and line 305 

Fig. 3, tick mark labels) in the revised manuscript.  

We included a clearer description of the transfer of lysimeter and if necessary, a 

shortening of the text (see Line 135 until 150).  

The main concerns of Referee #1 on our manuscript refer to the space-for-time 

approach in the set-up and the used modeling approach. We think that our approach 

can be well justified and hope that our answers to the specific questions are 

convincing. To the best of our knowledge, we provide for the first time observations 

on water fluxes, crop yield, biomass, N-content of yield for different soil types, but 

each under different climatic conditions (wet & dry) following a modified space-for-

time substitution.  

 

Specific Comments: 

 

1a) About the SFT approach. The authors employ the SFT approach in the context of 

moving the lysimeters from one location to another in Germany. SFT is not new, 

actually, and mostly used in Ecology, but some examples can be seen in the 

hydrologic literature (e.g. Scanlon et al., AWR 28:291-302; Troch et al., HESS 

17:2209-2217). However, the way the authors have employed this approach does not 



seem to follow a standard (I guess), and therefore I think that an evaluation is 

required to test its soundness in the context of the submitted paper.  

 

Response: We modified the text from Line 134 – 151 to: 

Local excavated lysimeters (i.e. intact soil monoliths) were transferred between the 

stations to subject them to different climate regimes so as to generate a crossed soil-

climate setup according to the space for time (SFT) substitution approach. It should 

be noted, that we did not follow the SFT substitution as used in ecological (e.g. 

Pickett, 1989; Blois et al., 2013; Wogan and Wang, 2018) or hydrological studies 

(e.g. Scanlon et al., 2005; Troch et al., 2013). Typically such SFT studies assume 

that spatial and temporal variations are equivalent (Pickett, 1989). By translocating 

soils from one test site to another while keeping some of the lysimeters at their 

original site, we actually account for unsuspected effects from the past. In this way 

we eliminate effects caused by past local events such as disturbances, pedogenesis, 

or site management. This is in contrast to the standard SFT approach. The spatial 

transfer of intact soil monoliths in the lysimeters followed an assumed direction of 

climatic changes of increased temperature and precipitation. For this study, we 

considered all arable-land lysimeter at the central sites Bad Lauchstädt and 

Selhausen of the TERENO-SOILCan lysimeter network. Each central experimental 

site contains three replicates of soils from different locations: Bad Lauchstädt (BL; 

Haplic Chernozems, loess), Dedelow (Dd; Calcic Luvisols and Haplic Luvisols, glacial 

till), Sauerbach (Sb; Colluvic Regosols; colluvial deposits), and Selhausen (Se; 

Haplic Luvisols, loess) allowing to investigate the response of the corresponding soil 

type under different climates. The transfer of soils between the research stations 

imitates a change in climatic conditions and compares for identical soils the effects of 

different climatic conditions on crop yield and soil water fluxes with those at the 

original location. By transferring lysimeters between stations, the “climatic shift” is 

abrupt such that we are not able to follow the gradual changes of the soil ecosystem 

over time as suggested in standard SFT approaches. Instead, crop yield and fluxes 

for the same soil under different climatic conditions are compared. 

 

1b) The “long-term” concept exerts a key role when applying the SFT approach, but 

in this study only thirty years of weather data are exploited (just a minimum from a 

meteorological viewpoint) and then only six years are considered for the analysis 

(from 2012 to 2017). In view of this, I suggest that questions about “climate change” 

should be left out of this paper, whereas at least the authors might deal with possible 

changes, if any, in weather seasonality (e.g. a prolonged dry period or wet period, 

namely anomalies with respect to what observed during the 30 years of records).  

 

Response: We agree that the available observation period is too short for questions 

about climate change and we clarified this within the revised manuscript and refer it 



to change in climatic conditions or weather seasonality. However, we will also note 

that moving soils in regions with different climatic conditions gives us a perspective to 

evaluate the impact of changing climatic conditions and the longer the observation 

period the better. TERENO-SOILCan is an ongoing project to monitor the soil-plant-

atmosphere-continuum. Considering that lysimeter operations are expensive, require 

relatively high maintenance, such that sustainable quality lysimeter data are still 

limited. 

 

1c) If longer time series of weather data were available (but 30 years could be used 

just like a threshold), plots of “Standardized Precipitation Index, SPI” or 

“Standardized Precipitation Evapotranspiration Index, SPEI” would definitely help. By 

the way, Walter and Lieth’s climate diagrams for only six years is not a good practice. 

 

Response: The SPI or SPEI would help to quantify the extent of the drought in 2015. 

However, several studies across Europe, including our region, have shown the extent 

of the drought in 2015. Thus we don´t think that plots of SPI or SPEI would add much 

information to our investigation. We used the Walter and Lieth´s diagram to compare 

between the climate conditions at the two sites. Although 6-7 years is a relatively 

short time, the diagram shows relative differences between both sites during the 

observation period. Nevertheless, we have added two additional subplots to Fig. 1 in 

the revised manuscript (see line 171) that describe the longer term climate conditions 

(1988-2017) according to Walter and Lieth.  

 

2) About the modeling tool. My view is that the topic coved in the paper is addressed 

more effectively if one looks at the derivative of the system dynamics and not at its 

integral behavior. In order to translate my comment in modeling terms, what I am 

suggesting is the use of a Richards-based model instead of the bucketing type 

approach expressed by Eq.(1). Giving a look at the paper by Pütz et al. (2016), I see 

that the lysimeters are fully equipped with soil water content and potential sensors, 

together with other sensing devices. Therefore, I am wondering why the authors did 

not exploit the potential of this information to use the Richards equation. 

 

Response: We don´t agree with the Referee #1 in this point and we think that this is 

a misunderstanding of our intention of the manuscript. We actually provide a first 

comprehensive data set covering a nearly seven-year period, which can be used in a 

next step to model the soil-plant atmosphere system. Equation 1 describes how we 

obtain the soil water storage change directly from the raw data and the 

evapotranspiration was obtained using the water balance (Equation 4). We do not 

consider this as a modeling tool because it does not require any assumptions on soil 

hydraulic properties as would be the case when using Richards’ equation. It should 



be noted, that although a considerable amount of instruments was installed in the 

lysimeters, a considerable uncertainty is involved when trying to derive hydraulic 

properties from these measurements as previously reported by Groh et al. (2018). 

For the questions addressed in this paper we are directly using the measured data to 

calculate the water balance, thereby avoiding any uncertainties that would be 

introduced by model assumptions.  

 

3) Concerns about determining ET My comment in this point 3) is linked somehow to 

the previous point 2). The use of ET, instead of making the partitioning of this 

variable in actual evaporation (Ea) and actual transpiration (Ta), can be something 

that may strongly limit the understanding of the ongoing processes and might yield 

erroneous outcomes. The use of the bucket model of Eq.(1) does not account for the 

important aspect of evaluating the possible onset of stress conditions in the crops 

and hence the computations of water use efficiency. The concept of “available water” 

or “readily available water” (as implied by Eq.(1), if I understood well) is definitely not 

adequate for the objectives of this paper. The plant can be under stress conditions 

due to the atmospheric demand even if a good amount of soil water is in the soil 

profile. Water transport resistances into the plant also play a key role. Moreover, what 

about possible physiological reactions of the vegetation when moving the lysimeter 

from one location to another? Did the authors check this aspect? Usually, vegetation 

shows some sort of resilience to its moving, at least during the initial stage of this 

moving. Can the authors comment on those points? 

 

Response: We did not mention that we used the concept of “available water” or 

“readily available water”. But we agree that the partitioning between E and T would 

be helpful to clarify further findings from our investigation, but this was beyond the 

scope of our study. The components E and T cannot be separated by Equation 1, 

which is used here only to determine the changes in soil water storage from the 

lysimeter mass data. We are aware that there are different methods to determine 

water use efficiency and discussed this in line 86 to 92 (e.g. use of T instead of ET), 

but we think that E is always related to the crop specific development and 

management and hence represents a kind of “cropping system” water use efficiency 

rather than plant water use efficiency at the leaf level. Although we did not monitor 

the crop stress status, the yield data provided an indication of the cumulative stress 

that was experienced by the crop. The Referee #1 mentioned possible physiological 

reactions of the vegetation when moving the lysimeter from one to another location. 

Please note that the soil monoliths were bare during the transfer and we used annual 

crops. The crop rotation was identical at both sites.  

 



Groh, J., Stumpp, C., Lücke, A., Pütz, T., Vanderborght, J., Vereecken, H., 2018. Inverse Estimation of 
Soil Hydraulic and Transport Parameters of Layered Soils from Water Stable Isotope and Lysimeter 
Data. Vadose Zone Journal 17. 

 



Response to comments by Anonymous Referee #2  

 

General Comments: 

 

The manuscript by Groh et al. presents results from the lysimeter network SOILCan. 

The focus of this study is on the effects of different weather and soil texture 

conditions on crop water use efficiency using a space-for-time approach. Hereby, 

weighable lysimeters with soils from four sites were moved and monitored at two of 

the sites with a drier and wetter climate, respectively. Instead of assessing changes 

in soil water storage as a residual of the water balance components the changes in 

lysimeter weights were used to avoid an accumulation of errors. One of the main 

outcomes was that the water-use-efficiency was improved (due to lower evaporation 

loss from soils) under drier soil moisture conditions not following a linear function. 

Further, the effects of drought were still visible in the following season and even 

beyond that especially on finer-textured soils. Overall, the manuscript reads very well 

with a logical structure. The manuscript deals with the very relevant topic of changing 

climate conditions on agricultural productivity. The combination of weighable 

lysimeters in a space-for-time approach investigating four different soils with data 

over seven years provides valuable and interesting insights on how crop production 

may be affected. One of the strengths of this MS is that the authors present a 

comprehensive data set covering a seven-year period. The measurement data can 

be used for model development, calibration and validation. I recommend that the 

authors present such a model study in a follow-up paper. I recommend the 

acceptance of the manuscript upon minor revisions. 

 

Response: The authors thank Referee #2 for reviewing our paper and their positive 

feedback/ comments concerning our manuscript. We are currently conducting a study 

and use lysimeter data for the calibration of different crop models. 

 

Specific Comments: 

 

M&M section information about the soil texture of all four soil would be helpful as it 

later becomes an important part in the discussion (coarser vs finer textured soils) 

 

Response: We added as suggested a soil profile description in the supplement of 

the revised manuscript (see Table A1; line 486). 



 

Figure 2 Please improve readability. Tick mark labels are very small  

 

Response: We changed the tick mark labels to improve the readability of Figure 2 

and 3 (see line 281 and 305 in the revised manuscript) 

 

L24 & L123 ‘monitored from April 2011 until December 2018’ versus ‘lysimeter data 

from April 2011 until December 2017’ Please clarify. 

 

Response: We changed December 2018 to December 2017 in line 23 

 

L244-264 Could this be related to a higher infiltration capacity of the coarser textured 

soil allowing for a more rapid recharge? It would be interesting if the authors made 

any observations on silting, cracking etc. of the soil surfaces especially of the finer-

textured soils which might explain deficiencies in soil water recharge.  

 

Response: The infiltration capacity is dependent on the conductivity at the soil 

surface. Silting, which more often occur at the soil surface of fine textured soil, affects 

the macropore structure (destruction of soil aggregates) and reduce the infiltration. 

No surface runoff was observed during the observation period. Thus we don’t think 

that the annual carry –over of soil moisture deficits are related to a different infiltration 

capacity of the soil. 

 

Some qualitative observations were made during the harvest time, but the soil 

surface has been modified by tillage, and the topsoil organic matter content and the 

plant roots are counteracting silting and cracking. We included this information and 

discussion in the revised paper (see line 268 – 274). 

 

L410 ‘. . .net fluxes were observed. . .’ 

 

Response: We changed “net fluxes observed” to “net fluxes were observed” in the 

revise manuscript (see line 438 in the revised manuscript) 
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Abstract. Future crop production will be affected by climatic changes. In several regions, the projected changes in total 

rainfall and seasonal rainfall patterns will lead to lower soil water storage (SWS) which in turn affects crop water uptake, 

crop yield, water use efficiency, grain quality and groundwater recharge. Effects of climate change on those variables depend 

on the soil properties and were often estimated based on model simulations. The objective of this study was to investigate the 

response of key variables in four different soils and for two different climates in Germany with different aridity index: 1.09 20 

for the wetter (range: 0.82 to 1.29) and 1.57 for the drier climate (range: 1.19 to 1.77), by using high-precision weighable 

lysimeters. According to a “space-for-time” concept, intact soil monoliths that were moved to sites with contrasting climatic 

conditions have been monitored from April 2011 until December 2017.  

Evapotranspiration was lower for the same soil under the relatively drier climate whereas crop yield was significantly higher, 

without affecting grain quality. Especially ‘non-productive’ water losses (evapotranspiration out of the main growing period) 25 

were lower which led to a more efficient crop water use in the drier climate. A characteristic decrease of the SWS for soils 

with a finer texture was observed after a longer drought period under a drier climate. The reduced SWS after the drought 

remained until the end of the observation period which demonstrates carry-over of drought from one growing season to 

another and the overall long term effects of single drought events. In the relatively drier climate, water flow at the soil profile 

bottom showed a small net upward flux over the entire monitoring period as compared to downward fluxes (ground water 30 

recharge) or drainage in the relatively wetter climate and larger recharge rates in the coarser- as compared to finer-textured 

soils. The large variability of recharge from year to year and the long lasting effects of drought periods on SWS imply that 

long term monitoring of soil water balance components is necessary to obtain representative estimates. Results confirmed a 

mailto:groh@zalf.de
mailto:j.groh@fz-juelich.de
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more efficient crop water use under less optimal soil moisture conditions. Long-term effects of changing climatic conditions 

on the SWS and ecosystem productivity should be considered when trying to develop adaptation strategies in the agricultural 35 

sector. 

1 Introduction 

The amount of water stored within the root zone of the soil and the vadose zone is a central and characteristic component of 

terrestrial ecosystems. Soil water storage (SWS) is important for provisioning (e.g., crop production, water balance, and 

plant available nutrients) as well as regulating and supporting ecosystem services (e.g. water, nutrients, climate, flood, 40 

drought; Adhikari and Hartemink, 2016; Vereecken et al., 2016). The SWS capacity (SWSC) depends on soil texture, 

organic matter content, bulk density, and soil structure and is related to the effective field capacity, which can be derived 

from the soil water retention function (Vereecken et al., 2010). The knowledge on magnitude and temporal variation of the 

SWS is essential for understanding ecological and hydrological processes and to manage ecosystems (Cao et al., 2018). 

Climate change will modify the temporal availability of soil water, increase the frequency and duration of droughts, affecting 45 

the quantity and quality of aquifer recharge and might affect crop production. Thus future ecosystem productivity (e.g. crop 

yield) is expected to respond to changes in weather (short-term) and climate (long-term), because it will alter the crop water 

balance components, such as SWS, evapotranspiration (ET) and drainage (Yang et al., 2016). How to produce more crop 

yield with less water is a major challenge in agriculture, because i) water is a limiting factor for crop production in many 

regions of the world, and ii) predictions of future climate indicate an increasing water limitation for crop production caused 50 

by reduced rainfall and changing seasonal rainfall distribution (Lobell and Gourdji, 2012).  

Several studies have been conducted to investigate the impact of global climate change on crop water balance components 

(Sebastiá, 2007; Wu et al., 2015) and crop or grain yield (Ewert et al., 2002; Zhao et al., 2016; Schauberger et al., 2017; 

Asseng et al., 2019). Understanding the impact of weather signals on the agricultural productivity is of crucial importance 

for managing future crop production, since variations in weather conditions could explain much of the yield variability 55 

(Frieler et al., 2017). Temperature rise and changing seasonal rainfall patterns could alter the probability of droughts and 

affect freshwater resources (Gudmundsson and Seneviratne, 2016; Gudmundsson et al., 2017). Negative impacts of rising 

temperature on the yield of major crops at the global scale (Asseng et al., 2014; Zhao et al., 2017) are highlighting the 

potential vulnerability of agricultural productivity to climate change. Schauberger et al. (2017) showed a consistent negative 

response of US crops under rainfed conditions being mainly related to water stress induced by higher temperatures. In 60 

addition to the direct effects of a temperature rise, an elevated atmospheric CO2-concentration, and changes in rainfall 

amounts on crop yield (Ewert et al., 2002; Asseng et al., 2014; Gammans et al., 2017; Scheelbeek et al., 2018), the higher 

temperatures could affect crop yields indirectly. Indirect effects caused by increasing the atmospheric water demand, limiting 

ET due to water stress and reducing the SWS, could in turn lead to a decrease in crop yield (Zhao et al., 2016; Zhao et al., 
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2017). Thus investigating the response of crop water balance components and yield to climate change is important to 65 

develop suitable adaptation and mitigation strategies (Albert et al., 2017; Rogers et al., 2017).  

Previous studies reported estimates of crop water balance components and crop yield mostly based on either manipulative 

experiments or observational studies to predict the ecological response of crops to climate change (Yuan et al., 2017). Wu et 

al. (2015) showed that the inter-annual variation of the SWS at northern middle and high latitudes increased under a warmer 

climate with higher values during the wetter and lower values of the SWS during the drier season. In this case, the frequency 70 

of water logging events or soil crack formation will increase and probably alter soil properties such as macroporosity and 

SWSC and thus affect vadose zone hydrology at different scales (Robinson et al., 2016; Hirmas et al., 2018). Robinson et al. 

(2016) showed for a manipulative long-term experiment that intense summer droughts altered the soil water retention 

characteristic and lowered the SWSC.  

Nevertheless, current knowledge on changes of SWS are still limited mostly to the analysis of soil moisture observations 75 

related to restricted soil volumes and soil moisture ranges (Mei et al., 2019; Yost et al., 2019). As an alternative method, 

weighable lysimeters allow the direct observation of SWS by monitoring the temporal changes of the total soil mass in 

mostly cylindrical containers. However, the use of weighable lysimeters was often limited in the past to the quantitative 

determination of the water balance components of precipitation (P), evapotranspiration (ET), and subsurface inflow (Qin) and 

outflow (Qout; e.g. drainage); the change of SWS was obtained as residual of the water balance components (e.g. Herbrich et 80 

al., 2017; Groh et al., 2018b). This approach accumulated all possible errors introduced by other components into the SWS, 

causing a relatively low precision. The direct derivation of SWS from lysimeter mass changes could provide a new 

perspective on the use of lysimeter data as an additional model calibration variable and for lysimeters that are large enough 

to fully capture the complete soil profile with the relevant soil horizons and intact soil structures to be representative for the 

pedon scale. 85 

The water use efficiency (WUE) links the carbon and water exchange between vegetated soil and the atmosphere (Niu et al., 

2011). Several definitions have been used to describe the WUE at the leaf or ecosystem level (for more details see Zhou et 

al., 2017). At the ecosystem level, WUE defined as the ratio between grain yield or total biomass and the water lost to the 

atmosphere by ET (Fan et al., 2018) is one possibility to quantify the impact of changes in environmental conditions and of 

management decisions (e.g. irrigation) on agricultural productivity. The use of ET instead of transpiration (T) only for 90 

calculating WUE represents a water use efficiency at the ecosystem rather than leaf level because it accounts for evaporation, 

which is also depending on crop specific development and soil management. The WUE provides insights to better manage 

and understand the productivity and ecological functioning of agricultural ecosystems (Zhang et al., 2015). The prevailing 

general hypothesis for WUE is that plant productivity increases with increasing water use (ET; Hatfield and Dold, 2019), 

which implies that WUE efficiency is a linear function of the water used by a crop to produce grain yield or the total above 95 

ground biomass. But several studies have shown that crop WUE was negatively correlated with annual rainfall and plants 

achieved their maximum crop WUE under less favourable soil water availability (Zhang et al., 2010; Ponce-Campos et al., 

2013; Xiao et al., 2013; Zhang et al., 2015). The last statement might imply that plants are able to adapt their water use 
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during drought conditions by improving their WUE or that there is simply less non-productive water losses by evaporation. 

Nevertheless, temperature above a certain threshold (extremely high temperature) especially during the reproductive period 100 

(Gourdji et al., 2013) or due to drought and heat stress reduce yield. However, such investigations are often focused on one 

specific environmental variable (e.g. P or temperature) in manipulation experiments. This basically ignores joint effects of 

several climate variables on the crop WUE in climate impact research studies. The impact of altered climatic conditions on 

different agricultural ecosystems within manipulative experiments has not been thoroughly studied yet; due to problems to 

either realistically manipulate the climatic conditions at a specific site or to move an intact soil to another site with 105 

contrasting climatic conditions. 

Here, we hypothesize that WUE will not increase for drier climate; because a change in plant productivity will 

simultaneously alter the water use (ET) and thus describe WUE as a linear function between both variables. In addition we 

wanted to test if observed lysimeter mass changes can be used to monitor the long-term change of SWS, which might be in 

addition to water flux observation a useful dataset for the calibration of vadose zone models. We used observations from a 110 

German soil-climate crossed factorial experiment (TERENO-SOILCan; Pütz et al., 2016). The lysimeter network of 

TERENO-SOILCan has been initiated to assess effects of climatic changes on arable and grassland soil ecosystems 

including the water balance components (ET, SWS, net drainage) and crop characteristics including yield, yield quality and 

WUE. As part of this project, arable-land lysimeters filled with four different soils were transferred within and between 

TERENO observatories (space-for-time; see details in Pütz et al., 2016) to expose soils from originals sites to other climatic 115 

conditions. The space-for-time approach means that soils are translocated in space instead of waiting at the same location for 

changes in climatic conditions in time. The concept initially intended to evaluate the impact of climate on agricultural 

ecosystems (Pütz et al., 2016). It represents basically a crossed soil type and climate experimental setup that could allow 

quantifying changes in the soil water balance and the crop production as response to imposed variations in climatic 

conditions. Results from this experimental setup can primarily be used to evaluate models that predict changes in response to 120 

possible future climatic conditions. 

 

Our objectives were: i) to develop an approach to obtain time series of changes in SWS directly from lysimeter data , ii) to 

determine the other soil water balance components (P, ET, inflow and drainage) of soils each exposed to two different 

climates, iii) to compare the net flux (inflow and drainage)/SWS dynamics for the same soils in relatively dry and wet 125 

climates and iv) to test the hypothesis that WUE of crops remains constant under changing climatic conditions in these 

crossed soil type and climate experiment. The analysis was based on lysimeter data from April 2011 until December 2017. 
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2 Material and Methods 

2.1 Site descriptions 

The study was conducted at the experimental field sites Selhausen (50°52´7´´N, 6°26´58´´E) and Bad Lauchstädt 130 

(51°23´37´´N, 11°52´41´´E), which are part of the Eifel/Lower Rhine Valley and the Harz/Central German Lowland 

Observatory of TERENO in Germany (Wollschläger et al., 2016; Bogena et al., 2018), respectively. The TERENO-

SOILCan lysimeter network was established at several experimental stations across a rainfall and temperature gradient. 

Local excavated lysimeters (i.e. intact soil monoliths) were transferred between the stations to subject them to different 

climate regimes so as to generate a crossed soil-climate setup according to the space for time (SFT) substitution approach. It 135 

should be noted, that we did not follow the SFT substitution as used in ecological (e.g. Pickett, 1989; Blois et al., 2013; 

Wogan and Wang, 2018) or hydrological studies (e.g. Scanlon et al., 2005; Troch et al., 2013). Typically such SFT studies 

assume that spatial and temporal variations are equivalent (Pickett, 1989). By translocating soils from one test site to another 

while keeping some of the lysimeters at their original site, we actually account for unsuspected effects from the past. In this 

way we eliminate effects caused by past local events such as disturbances, pedogenesis, or site management. This is in 140 

contrast to the standard SFT approach. The spatial transfer of intact soil monoliths in the lysimeters followed an assumed 

direction of climatic changes of increased temperature and precipitation. For this study, we considered all arable-land 

lysimeter at the central sites Bad Lauchstädt and Selhausen of the TERENO-SOILCan lysimeter network. Each central 

experimental site contains three replicates of soils from different locations: Bad Lauchstädt (BL; Haplic Chernozems, loess), 

Dedelow (Dd; Calcic Luvisols and Haplic Luvisols, glacial till), Sauerbach (Sb; Colluvic Regosols; colluvial deposits), and 145 

Selhausen (Se; Haplic Luvisols, loess) allowing to investigate the response of the corresponding soil type under different 

climates. The transfer of soils between the research stations imitates a change in climatic conditions and compares for 

identical soils the effects of different climatic conditions on crop yield and soil water fluxes with those at the original 

location. By transferring lysimeters between stations, the “climatic shift” is abrupt such that we are not able to follow the 

gradual changes of the soil ecosystem over time as suggested in standard SFT approaches. Instead, crop yield and fluxes for 150 

the same soil under different climatic conditions are compared. Further information on soil texture and the transfer of soil 

monoliths from the TERENO-observatories to the central sites can be taken from Table A1 to A2 (see appendix). The 

transferred eroded Luvisol soil monoliths from Dedelow have a varying soil depth to the clay illuviation horizon (Bt) and to 

the marly, illitic glacial till (C-horizon). They represent part of the erosion gradient typically observed in agricultural 

landscapes of hummocky ground moraines (Sommer et al., 2008; Rieckh et al., 2012; Herbrich et al., 2017). Detailed 155 

information about the lysimeter design and general experimental-set up of TERENO-SOILCan can be found in Pütz et al. 

(2016). The climatic conditions of the central sites from 1 January 2012 to 31 December 2017 (complete years) are shown in 

Fig. 1 according to Walter and Lieth (1967). Although the patterns in average monthly temperature values are relatively 

similar at both sites (Fig. 1), a more pronounced amplitude of the temperature variations over the year could be found in Bad 

Lauchstädt (representing a more continental climate) as compared to the more temperate and humid climate (sub-oceanic or 160 
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sub-Atlantic) in Selhausen (Fig. 1). The average annual grass reference evapotranspiration (ET0) calculated with the FAO56 

Penman-Monteith method (Allen et al., 2006) is slightly higher at Bad Lauchstädt (710 mm) than at Selhausen (694 mm). 

Larger differences are shown in the annual rainfall and the rainfall distribution over the year (Fig. 1). The lower annual P in 

Bad Lauchstädt (458 mm) than in Selhausen (644 mm) corresponds with a higher aridity index (AI = ET0 P
-1

, see data 

repository) of 1.57 for Bad Lauchstädt than for Selhausen (1.09). The rainfall distribution over the year was more uniform in 165 

Selhausen whereas the probability of relatively dry periods in spring (April) and late summer (September) was higher in Bad 

Lauchstädt. Thus, the climatic conditions at the SOILCan experimental sites can be defined as drier for Bad Lauchstädt and 

wetter at Selhausen, which corresponds well to long-term weather station data, from stations at Bernburg / Saale (Nord; 

German weather service) and at Forschungszentrum Juelich (see Fig.1 c and d).  

 170 

 

Figure 1: Climate diagrams according to Walter and Lieth (1967) for Bad Lauchstädt (a), and Selhausen (b) for 2012 to 2017 and 

Bernburg/Saale (Nord) (c), and Forschungszentrum Juelich (d) for 1981 to 2017. Data were obtained from the SOILCan weather stations 

at Selhausen and a climate station at Bad Lauchstädt above sea level (asl.). The long-term weather data were taken from the weather 

stations of the German weather service at Bernburg / Saale (Nord) and the Forschungszentrum Juelich. The blue bars at the bottom of 175 
subplot a) indicate months were frost is likely to occur. 
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2.2 Soil water storage (SWS) 

Monthly changes in SWS (ΔSWS) were calculated from lysimeter observations as: 

∆SWS =  ∆𝑊 + Δ𝐿𝑦𝑠𝑐𝑜𝑟             (1) 

where ΔW is the monthly lysimeter mass change, and ΔLyscor corresponds to mass changes by maintenance, harvesting, or 180 

other disturbances that occur accidently (e.g. erroneous load cells) or naturally (e.g., animals). The variable ΔW was directly 

obtained by analysing lysimeter mass data (average value: 12°AM until 2°AM) defined as: 

∆𝑊 = 𝑊𝑖+1 − 𝑊𝑖           (2) 

where W is the lysimeter mass at the beginning of month i. The variable ΔLyscor was determined from monthly changes of 

lysimeter mass during maintenance work. Less than 0.6 % of ΔSWS values could not be calculated, because lysimeter mass 185 

data at the beginning of the corresponding month were missing. A linear regression model obtained for the entire time series 

between ΔSWS of the soils was used for interpolation to fill the gaps. This was first based on ΔSWS from surrounding 

lysimeters of the same soil type and if not available, then the average values of ΔSWS obtained from all available lysimeters  

at the respective station were used.  

2.3 Crop water use efficiency (WUE), grain yield and yield quality 190 

In total 12 arable land lysimeters (three replicates of four soil types) with a surface area of 1 m
2
 and a depth of 1.5 m were 

embedded within larger fields at the respective central experimental site at Selhausen (250 m²) and Bad Lauchstädt (720 m²). 

The same crops were grown and identical tillage and crop management procedures were carried out at both sites and in the 

field around the lysimeters. The lysimeters were cultivated with peas (Pisum sativum L.; cultivar: Mascara), winter barley 

(Hordeum vulgare L.; cultivar: Lomerit), winter canola (Brassica napus L.; cultivar: Adriana), oat (avena sativa L.; cultivar: 195 

Max G), winter wheat (Triticum aestivum L.; cultivar: Glaucus), winter barley (Hordeum vulgare L., cultivar: Antonella) 

and winter rye (Secale cereal L.; cultivar: SU Santini), whereas the applications of seasonal plant protection, crop growth 

regulators and nitrogen-fertilizer (see appendix Table A3) have been adapted to local farmer conditions at the respective 

experimental site. Dry mass of the yield and plant residual matter were gravimetrically determined with a precision balance 

(Selhausen: EMS 6K0.1, KERN, Balingen-Frommern, Germany; Bad Lauchstädt: LC 6200 D, Satorius, Göttingen, 200 

Germany) after drying at 75°C for 24 hours (Bad Lauchstädt) and at 60°C for >24 hours (Selhausen; until reaching a 

constant weight). The determination of total nitrogen of the dry yield and plant residual material was obtained with an 

elementary analyser (VarioelCube, elementar, Langenselbold, Germany).  

The following Eq. (3) was used to calculate the crop WUE (kg m
-3

): 

WUE =  
𝑌

ET
            (3) 205 

where Y is the grain yield (kg m
-2

), and ET (m
3
 m

-2
) is the measure of the consumed water during the growing season of the 

corresponding crop (Katerji et al., 2008). The growing periods of the crops were defined as the time between sowing and 
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harvest (see appendix Table A3). The required ET during the growing season was estimated based on the monthly water 

balance equation and observed precipitation (P) in mm per month as: 

ET = 𝑃 −  ∆SWS − 𝑄𝑛𝑒𝑡 − ∆𝐿𝑦𝑠𝑣𝑜𝑙          (4) 210 

where Qnet is the monthly sum of net water flux across the lysimeter bottom (Qnet > 0: drainage; Qnet < 0: capillary rise) and 

ΔLysvol is mass change determined from monthly soil water sampling volume. P was measured with a tipping bucket rain 

gauge (15189, Lambrecht, Göttingen, Germany) at Bad Lauchstädt (experimental station Bad Lauchstädt), and with a 

weighing rain gauge (Ott Pluvio2 L, Ott, Kempten, Germany) at Selhausen (Se_BDK_002). Data of the latter station is 

available at TERENO data portal (http://teodoor.icg.kfa-juelich.de/ddp/index.jsp). The Ott rain gauge was installed in April 215 

2013; data before April 2013 was estimated by linear regression models and P data from surrounding climate stations of the 

TERENO data portal (station names: SE_BDK_002; RU_BCK_003; RU_K_001; ME_BCK_001), which can be used to 

interpolate between the given data points. We used the R software (R-Core-Team, 2016) and the function lm of the package 

stats (R-Core-Team, 2016) to set-up linear regressions. The coefficient of determination (R
2
) was used to determine the 

goodness of fit of the linear regression. A stepwise gap-filling approach was used to gap-fill missing P data after April 2013, 220 

which consisted of an analysis of data from other meteorological stations that were operating and missing values, were filled 

based on the observation which had the highest R
2
. Monthly Qnet values were obtained from mass changes of the leachate 

from the lysimeters, collected with a weighable reservoir tank. The lysimeter bottom boundary pressure head condition was 

imposed by a pumping mechanism, which enabled either outflow or inflow according to differences in pressure head values 

at 1.4 m depth between lysimeter and surrounding field soil. This control of the bottom boundary allowed imitating the 225 

upward and downward water fluxes and representation of ET processes in lysimeters (Groh et al., 2016) more realistically 

and comparable to the intact soil profile. More technical details can be found in Pütz et al. (2016). Missing data in the time 

series of Qnet were filled for small gaps of about one minute by linear interpolation and for gaps between >1 and 10 minutes 

by using a moving average with a window width of 30 minutes. Larger gaps in the time series were filled by average water 

flux values from other lysimeters of the same soil type. Nearly 5% of monthly ET values were found not plausible perhaps 230 

due to water loss by leaking during periods with water-saturated conditions at the lysimeter bottom. These conditions 

occurred mainly in winter, when monthly ET fluxes were in general relatively low as compared to summer conditions, so 

that potential error was low and easily detectable. A linear regression based on either single or average ET values from other 

non-affected lysimeters with similar soils were used for interpolation to fill the gaps. Detailed information on the monthly 

water balance data and missing data can be taken from the TERENO data portal (see section Data availability). 235 

3 Results and Discussion 

3.1 Soil water storage change 

For the observation period (April 2011- January 2018), evapotranspiration (ET) and cumulative soil water storage change 

(ΔSWS) differed at both stations, Selhausen and Bad Lauchstädt, in amount and temporal development between transferred 

http://teodoor.icg.kfa-juelich.de/ddp/index.jsp
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soils and those from the original site (Fig. 2). The variability in terms of the standard deviation of ΔSWS and ET of the three 240 

replicate soils were small and ranged across the different soils for ΔSWS between 4.3 and 7.4 mm and for ET between 3.7 

and 5.5 mm. This clearly demonstrates that the differences in ΔSWS and ET between the same soils at original and new 

locations are larger than their scatter (Fig. 2). This suggests that uncertainty in the calculation of water fluxes were in general 

smaller than effects of transferring soils between the test sites. Larger deviations in ΔSWS between origin and transferred 

soils were visible for the crop winter canola after date of harvest in summer 2013 (soils from BL, Sb, and Se Fig. 2b, 2d, 2h) 245 

and winter barley 2016 (all soils). Largest depletions of SWS during the entire observation period could be observed for all 

soils during the spring-summer period (March and July) in 2015. At Bad Lauchstädt, the aridity index (AI = ET0 P
-1

) of 2.7 

for March-July 2015 was larger as compared to the average AI value of 2.0 calculated for all March and July periods 

between 2012 and 2017. Also the value of the AI for Selhausen was with 2.0 slightly larger as compared to the average AI 

value of 1.6 for all March-July periods. The SWS depletion in 2015 was larger at both sites for soils from Bad Lauchstädt 250 

(BL; Fig. 2b) and Sauerbach (Sb; Fig. 2d) as compared to that of the other two soils from Dedelow (Dd; Fig. 2f) and 

Selhausen (Se; Fig. 2h). The Sb and BL soils were strongly desiccated by the winter wheat crop in 2015, which can be seen 

from ET June 2015 for BL and Sb of about 125 - 175 mm/month (Figs. 2a and 2c) was larger than for Dd and Se soils of 

about 100 - 125 mm/month (Figs. 2e and 2g) even for the soils exposed to the drier climate in Bad Lauchstädt. For the BL 

(Fig. 2b) and Sb (Fig. 2d) soils, the amount of rainfall after the growing season of 327 mm (August 2015 - April 2016) in 255 

Bad Lauchstädt was not sufficient to compensate for ET and drainage such that the soil profile did not return to a SWS 

capacity (i.e., typical spring moisture) at the end of the winter period characterized by a value close to 0 of the cumulative 

ΔSWS. The soil moisture deficit from 2015 was carried over to the growing seasons of 2016 and even of 2017. For the Dd 

and Se soils (Figs. 2f and 2h, the SWS deficit during the 2015 growing season under the climate of Bad Lauchstädt was less 

and the amount of precipitation after the growing season was sufficient for the soils to return to a typical SWS value 260 

although this value was reached later and not before the next spring. The AI of 1.77 at BL in 2015 (January-December) was 

considerably higher than the average AI for the 5 year period at BL (1.57). For the same year 2015, the AI was 1.13 at Se, 

and thus only slightly higher than the 5-years average AI-value of 1.09. For all soils in Se (blue lines in Figs 2b, 2d, 2f, 2h), 

the amount of precipitation after the growing season of 501 mm of 2015 (August 2015 - April 2016) was sufficient for the 

lysimeters to return to their ‘typical’ SWS value at the end of the winter. These results indicate soil type dependent changes 265 

in SWS during drought periods. The annual carry-over of soil moisture deficits demonstrates the vulnerability towards 

drought risks even for finer-textured soils, despite having an overall larger SWSC than coarser-textured soils. This might be 

related to a higher infiltration capacity of the coarser-textured soil, which allows for a more rapid recharge. The infiltration 

capacity is dependent on the conductivity at the soil surface. Silting and cracking, which more often occur at the soil surface 

of fine textured soils, affects the macropore structure (destruction of soil aggregates) and change the infiltration. However, 270 

no surface runoff was observed during the observation period and qualitative observations on cracking were made during the 

harvest time, but the soil surface has been modified by tillage, and the topsoil organic matter content and the plant roots are 

counteracting silting and cracking. This suggests that the annual carry-over of soil moisture deficits were not related to a 
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different infiltration capacity of the soil. The observed stronger depletion of soil water corresponds with soil drying reports 

from larger scale observations on the occurrence of a severe drought during the summer 2015, where effects of the drought 275 

has been observed from a climatological (Ionita et al., 2016) and hydrological (Laaha et al., 2016) perspective. The carry-

over of soil moisture deficits to the time after the drought at the local scale in Bad Lauchstädt agrees well with the results 

from Laaha et al. (2016), which showed for several stations in Europe that soil water storage (catchment scale) at the end of 

the study period (November 2015) has not totally recovered from the summer drought in 2015.  

 280 

 

Figure 2: Monthly evapotranspiration (ET) and cumulative monthly changes in soil water storage (ΔSWS) from April 2011 until January 

2018 at the lysimeter stations in Selhausen and in Bad Lauchstädt for soils from Bad Lauchstädt (a, b), Sauerbach (c, d), Dedelow (e, f), 

and Selhausen (g, h); mean values (dots) and standard deviations (error bars) are from 3 individual lysimeter monoliths of each soil. The 

background colour corresponds with the cropping periods at the TERENO-SOILCan lysimeters: bare soil (white) and crops (green). 285 

 

Furthermore changing climatic conditions and a more frequent occurrence of drought could alter the SWSC because of the 

increasingly unavailable pore spaces due to different sources, including physical e.g. swelling and shrinking processes (te 

Brake et al., 2013; Herbrich and Gerke, 2017), biological e.g. vegetation induced soil desiccation that enhanced soil cracking 

(Robinson et al., 2016), biochemical e.g. enhanced organic matter mineralization, due to increasingly oxidation of the 290 

organic horizons during dry periods (Robinson et al., 2016), which will consequently result in a degradation of organic soil 

structure, or change in the soil wettability (Ellerbrock et al., 2005).  
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3.2 Net drainage 

The water fluxes across the suction rake system at the lysimeter bottom in 1.5 m depth were cumulated to monthly net 295 

drainage fluxes (QMnet). The time series’ of QMnet for all soils at Se, the site with relatively wet climate, were in general 

directed downward during the winter months and upward (capillary rise) during spring and summer (Fig. 3). However, the 

magnitude of monthly fluxes QMnet differed between the soil types (e.g. soils in Se for 2012 or 2013 see Fig.3); QMnet for 

lysimeters with the coarser-textured soils from Dd (Fig. 3c) was mostly larger (e.g., drainage during bare fallow 2014) than 

for those with the finer-textured soils from BL (Fig. 3a), Sb (Fig. 3b), and Se (Fig. 3d). For the same soils under the 300 

relatively dry climate in BL, time series’ of QMnet were rather similar, with the largest values of upward fluxes for the soil 

from Dd (Fig. 3c). The magnitude of QMnet for soils under BL climate was mostly smaller for drainage and larger for upward 

directed fluxes as compared to the QMnet values for the soils under the wet climate in Selhausen.  

 

 305 

Figure 3: Monthly net water fluxes across the lysimeter bottom in 1.5 m soil depth from April 2011 until January 2018 at the stations 

Selhausen and Bad Lauchstädt for soils from a) Bad Lauchstädt, b) Sauerbach, c) Dedelow, and d) Selhausen; mean values (dots) and 

standard deviation (error bars) . Positive values are defined to drainage and negative values to upward direct water flux from capillary rise. 

Error bars indicate the variability of storage changes between individual lysimeters of each soil group. The background colour corresponds 

to different crops lysimeter cover types: bare soil (white) and different crops (green). 310 

 

The QMnet time series’ (Fig. 3) demonstrate that weather conditions in 2015 impacted the soil water fluxes in the following 

years: Under the dry climate in BL, hardly any drainage was observed for all soils after 2015. This indicates that the soils 

remained so dry during the winter period that downward water percolation or groundwater drainage was limited. The lack of 



12 

 

water recharge during winter also affected the upward directed QMnet flux rates in the following years, which generally 315 

decreased after 2015, especially for soils from BL and Sb. The nearly unchanged QMnet values for the soils at BL after 2015 

indicate that soil water saturation and dynamics is limited throughout the soil profile. 

 

The annual net water fluxes (QAnet) at the bottom (in 1.5 m) of the same soils under the dry and wet climates are compared in 

form of scatterplots (Fig. 4). The scatterplots clearly show that fluxes were in general directed upward (i.e., negative values 320 

of QAnet for soils under a dry climate in BL; positive values of QAnet (i.e. drainage) were only observed for 2011 and 2014 

(Fig. 4). The larger values of QAnet for 2014 could be due to the lower ET after an earlier harvesting of the oat crop and a 

longer bare soil period without crop transpiration. The coarser-textured soils from Dedelow showed the largest range of QAnet 

values (from -78 mm to +164 mm) at the site with a relatively dry climate (BL) during the observation period of 2011-2017. 

This range could be explained by variation in soil water storage capacities between Dd soils, which depended on the 325 

thickness of the upper soil horizons that were modified by soil erosion (Herbrich et al., 2017). The long-term average values 

of QAnet for all soils in the dry climate were negative and varied only in a small range (from -18 mm to -28 mm; see appendix 

Table A2). Long term negative groundwater recharge is only possible at sites where groundwater can be replenished, for 

instance, by lateral subsurface water flow. Whether the QAnet flux under the BL climate will continue to be negative for all 

soils would require a longer time series. Nevertheless, a low and even negative groundwater recharge has not only an impact 330 

on the groundwater quantity, but it will also affect the groundwater quality. In case of a small net recharge, the 

concentrations of solutes from agricultural fertilizers, pesticides, and those of dissolved minerals and salts in the water-filled 

soil pores will become relatively high, and soil water movement still remains negligibly small. Thus under conditions of 

relatively small leaching rates, solutes including plant nutrients will largely be retained within the soil’s root zone. Under 

long term conditions of net negative leaching, soils and soil horizons may accumulate carbonates (e.g., BL soil Haplic 335 

Chernozems), or if leaching is small such that the carbonates from the topsoil horizons precipitate already in the subsoil 

within the 1.5  m soil monoliths like in the Ccv horizons in Dd subsoil of Calcic Luvisols (see soil profile descriptions in 

Herbrich and Gerke, 2017) and eventually salts.  

QAnet values under a relatively wet climate (in Se) were for all soils positive, indicating in general downward directed 

drainage fluxes (Fig. 4). The long-term average QAnet values ranged between 49 to 119 mm (see appendix Table A2) 340 

depended on the soil type. The QAnet value was larger for the coarser-textured soil from Dd (Fig. 4c) as compared to the other 

soils. For 2013 (Winter Canola crop), the QAnet fluxes were negative for all finer-textured soils (i.e. Bad Lauchstädt, 

Sauerbach, and Selhausen, Fig. 4a, b, d), which might be related to the deeper reaching root system of the crop canola 

(Breuer et al., 2003) in and a consequently larger plant water uptake in comparison to other crops. Upward directed QAnet 

values were observed during the year 2017 for the soils from Bad Lauchstädt under winter rye crop (Fig. 4a) and during 345 

2015 for the soils from Sauerbach under winter wheat (Fig. 4b). 
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Figure 4: Comparison of net fluxes for the same soils at two sites: Annual observed net soil water flux at 1.5 m soil depth of soils from a) 

Bad Lauchstädt, b) Sauerbach, c) Dedelow, and d) Selhausen under a dry climate (Bad Lauchstädt) and wet climate (Selhausen) for the 350 
years between 2011-2017; average values (symbols) and standard deviations (error bars) for observations from the same soil. 

 

3.3 Crop yield and Water Use Efficiency  

The grain yields were in general larger for a dry climate at Bad Lauchstädt than for a wet climate at Selhausen except for the 

peas (Fig. 5a). The pea crop had in comparison to the other cereal crops a relatively short vegetation period and depends 355 

more on conditions during germination in early spring than on differences in climatic conditions in late spring and summer. 

For the other crops the spread of fungal pathogens under a more humid climate (Talley et al., 2002; Agam and Berliner, 

2006) and frequent occurrence of dew formation (Xiao et al., 2009; Groh et al., 2018a; Brunke et al., 2019; Groh et al., 2019) 

could explain the generally lower yield of grain crops for soils under a wet climate in Selhausen. However, an appropriate 

crop management with one to three applications of fungicides during the growing season (see appendix Table A3), except 360 

for pea crop in 2011 (BL and Se) and winter rye 2017 (Se) should have prevented the spread of fungal diseases and their 

impact on crop yield such that other reasons have to be considered. The yield varied for the most crops among the soil 

replicates at a certain site, which can be described by the coefficient of variation (CV), below a CV value of 28%, except for 

pea, which showed for all soils a high value, for winter canola grown on finer-textured soils in Se (BL, Se see appendix 
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Table A4), and for winter barley (Dd and Sb in 2012, Sb in 2016) cropped at Se. For winter canola this might be related to a 365 

higher loss of rapeseeds during manual harvesting, natural pod shattering, cleaning and threshing (Alizadeh et al., 2007; 

Kuai et al., 2015). The CV value of the observed yield variability between each soil type corresponds to values reported 

between 5 to 27 % by Joernsgaard and Halmoe (2003) and Wallor et al. (2018). The yield of winter wheat (7.8 t ha
-1

 see 

appendix Table A4) for the soil from BL at BL agreed well with observations on yields from a long term fertilization 

experiment at the BL site (Merbach and Schulz, 2013), which demonstrates the high yield potential of the soil from BL. 370 

 

 

Figure 5: Comparison of annual crop yield- and ET-related parameters for the same soils from Bad Lauchstädt, Dedelow, Sauerbach, and 

Selhausen (three lysimeters each origin) at the two sites with relatively dry (Bad Lauchstädt) and wet climate (Selhausen); average values 

(symbols) and standard deviation (error bars) between observations from the same soils for (a) observed yield, (b) total biomass, (c) 375 
harvest index, (d) evapotranspiration, (e) water use efficiency (WUE) from yield, (f) WUE from total biomass, and (h) nitrogen (N) 

content in the grain yield, and (g) the relationship between grain yield and evapotranspiration of all soils and crops during the years 2011-

2017.  

 

The scatterplot of the total biomass (Fig. 5b) shows that most crops produced relatively similar amounts of total above 380 

ground biomass at both sites with the exception of winter barley in years 2012 and 2016. The crops could probably use 

comparable amounts of solar radiation during the observation period (average annual radiation from 2011 to 2017, obtained 

from the weather stations; BL: 1181.4 kWh m
-2

 and Se: 1180 kWh m
-2

). Despite a similar amount of radiation received by 

the crops the harvest index, which is defined as the ratio of yield to the total biomass, was found to be larger under a dry 

climate than under a wet climate (Fig. 5c). This means that crops under a dry climate were more productive with respect to 385 

crop yield than under a wet climate. The crop ET (i.e., ET related to the vegetation period) was larger under the wet than 

under the dry climate (Fig. 5d), and the corresponding crop water use efficiency (WUE) was larger at the site with the 
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relatively dry (BL) as compared to the wet (Se) climate (Fig. 5e). These results demonstrated that plants were more efficient 

to produce yield at a site with a suboptimal water supply. The present results are in line with earlier findings from Zhang et 

al. (2015), who showed that the WUE reached a maximum under warm and dry and a stable minimum under warm-wet 390 

climatic conditions. Also when WUE was calculated based on the total aboveground biomass, a higher WUE was observed 

for the corresponding crop under a dry than under a wet climate (Fig. 5f), which demonstrated that climatic conditions were 

not only beneficial for the grain yield but also for that of the straw. However, differences in fertilizer application (see 

appendix Table A3) with lower nitrate application in the wet site could be another reason for the differences in yield and 

biomass production.  395 

The lower WUE under a wet climate might be related to a higher soil evaporation and plant canopy interception evaporation. 

Kunrath et al. (2018) found for the crop tall fescue that limiting nitrogen-supply conditions negatively affected WUE values 

by a reduced leaf area index, leaf photosynthesis and radiation efficiency, which hence increased the ratio of soil evaporation 

to transpiration. Thus, we further compared the ET during periods when ET was either transpiration (ETT) or evaporation 

(ETE) dominated. The transpiration-dominated period was defined from the beginning of April, which corresponds well with 400 

the temporal increase of the monthly ET, until the time when plants reached the growth stage of ripening /maturity of their 

fruit or seeds about a month before harvest (see appendix Table A3). The rest of the vegetation period was defined as the 

evaporation-dominated period. Evaporation was considered to be non-productive water use. The cumulative values of ET, 

ETT and ETE during the observation period are shown in Table 1. The differences for ETE between all soils in the dry and 

wet climate from 359 mm to 576 mm was larger than the differences for ETT (range: -72 mm to 199 mm). Especially the 405 

larger soil evaporation (ETE) at Selhausen contributed to the lower WUE under wet climate.  

The relationship between yield and ET was reported to correspond with the productivity function of crops (grain yield vs. 

ET) and often assumed to be linear (Tolk and Howell, 2009; Wichelns, 2014). However, for our present data, a quadratic 

productivity function (Fan et al., 2018) of the winter barley and pea crops (Fig. 5g) rather than a linear one could explain the 

observed larger WUE of soils under a dry climate at Bad Lauchstädt. The crop winter canola could be best described by a 410 

linear productivity function with a negative slope (Fig. 5g). The other crops, winter rye and winter wheat, could neither be 

described by a linear nor a quadratic function. Longer time series’ with more crop yield observations under different climatic 

conditions would be necessary to confirm the assumed quadratic productivity function for these crops.  

Grain yield quality in terms of the nitrogen content of the grains is an additional important variable to characterize the 

quality of legume and cereal crops (Kemanian et al., 2007). The scatterplot of the nitrogen content in the yield compares 415 

results from the same soils in the dry and wet climate (Fig. 5h). The comparison showed no effect of climatic conditions or 

of the fertilization on the crop grain quality. Larger deviations from the 1:1 line were only visible for the soils from Dedelow 

and the crop pea under a dry climate and for soils from Bad Lauchstädt and crop winter rye under a wet climate (Fig. 5h). 

Nuttall et al. (2017) remarked that heat stress during the time of flowering and higher temperatures during the post-anthesis 

period of crops impact grain-size and milling yield. The impact of rising temperatures and increasing CO2 concentrations in 420 

the atmosphere on yield quality could affect the nutritional quality and end-use value (Asseng et al., 2019). The grain yield 
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quality was reported to be influenced mainly by genetics, crop management, and environmental conditions (Nuttall et al., 

2017). Since in the present study, the crop management was similar and the same cultivars were used, the altered climatic 

conditions seemed not to affect the quality of the yield in our crossed soil-climate experiment.  

 425 

Table 1: Average values (of 3 lysimeters each) of cumulative evapotranspiration (∑ET) for the whole observation period (2011-2017), and 

cumulative transpiration (∑ETT) and evaporation (∑ETE) for periods dominated by evaporation (E) or transpiration (T), for soils from Bad 

Lauchstädt (BL), Sauerbach (Sb), Dedelow (Dd), and Selhausen (Se) under a dry climate at BL and a wet climate at Se. The ETT values 

were defined from the beginning of the vegetation period (April) until ripening/maturity of the fruit or seeds; the data for ∑ETE comprised 

the values from rest of the season. The differences of the cumulative values for the same soils between the sites BL and Se are denoted by 430 
Δ∑ET, Δ∑ETE and Δ∑ETT. 

Location Se BL Se BL Se BL Se BL 

Soil BL BL Sb Sb Dd Dd Se Se 

∑ET (mm) 4090.1 3490.8 4121.0 3406.8 3593.9 3316.7 3985.0 3323.0 

∑ETE (mm) 2102.5 1616.9 2110.3 1595.1 1941.7 1593.1 2228.2 1668.0 

∑ETT (mm) 1987.5 1873.9 2010.7 1811.7 1652.1 1723.7 1756.8 1655.0 

Δ∑ET (mm) 599.3 714.2 277.1 661.9 

Δ∑ETE (mm) 485.7 515.2 348.7 560.2 

Δ∑ETT (mm) 113.6 199.0 -71.5 101.8 

4 Conclusion 

Lysimeter data from a German-wide lysimeter network (TERENO-SOILCan), where intact soil monoliths were moved to 

sites with contrasting climatic conditions, were used to analyse effects of soil and climate on agricultural ecosystems in a 

soil-climate crossed factorial design. In the wet climate, there was a net drainage which was larger for the coarser- than for 435 

the finer-textured soils. In the dry climate, a small negative net drainage (upward flux) was obtained when observing the 

long-term average for the whole period 2011-2017. In the wet climate, drainage dominated for all soils. When looking at 

shorter periods, negative values of monthly net fluxes were observed during the summer months at both sites.  

During winter months, the soil water storage (SWS) returned to a typical value and drainage occurred when this value was 

reached. In the dry climate, this critical SWS was not reached in two soils after the growing season of 2015 in which the 440 

SWS was strongly depleted. The resulting insufficient refilling of the soil water storage capacity after a drought suggests that 

the precipitation during the following winter months was not sufficient to refill the soil so that no drainage took place. This 

lack of drainage had consequences for the upward water fluxes in the following growing seasons. Future studies about the 

impact of climate change, which in general are expected to increase the frequency and duration of droughts, on agro-

ecosystem water balances and crop development should consider the long lasting impact of droughts on the soil water 445 

balance and soil water fluxes that are carried over to following years. Results indicate that direct observation on SWS will 
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become increasingly important in environmental climate change studies, where changing climatic conditions could affect the 

SWSC. Longer term monitoring data are needed to observe effects of impacts on soil properties.  

Crops were more productive in terms of grain yield and used less water under drier climatic conditions. Plant development 

and a higher crop water use efficiency demonstrated that less plant available soil water did not go along with a decline of 450 

grain yield, because plants used the available soil water resources under such conditions more efficiently (e.g. by reduced 

soil evaporation). Results revealed in contrast to our hypothesis of a linear productivity function for some crops a quadratic 

productivity function and thus showed that plants can maximize their grain yield under an intermediate ET range in rainfed 

agriculture. However, longer time series are necessary to confirm the latter hypothesis of a quadratic productivity function of 

the corresponding crop. Our results suggest that despite the higher grain yield (quantity) climatic conditions seemed not to 455 

affect the quality of the yield, which might reflect a positive effect of the regional drier climatic conditions for crop 

production. The results of this study so far confirmed that typical soil water balance components, crop water use and 

especially the soil water storage dynamics undergo a substantial change when exposed to different climatic conditions. 

We could show that:  

1) The result further suggests that a new approach based on lysimeter mass data can enable the long-term monitoring of 460 

SWS changes at the pedon scale. 

2) SWS dynamics were vulnerable to droughts and led to an insufficient refilling of the soil water storage capacity.  

3) Crossed soil-climate experiments are useful to determine the impact of changing climatic conditions on the ecosystem 

water balances.  

4) Crop water use efficiencies increased with reduced water supply. 465 

The results herald the need to account for potential changes in soil water storage and plant reactions due to changes in 

climatic conditions and variability when trying to develop adaptation strategies in the agricultural sector. 

Data availability 

All data for the specific lysimeter and weather station (raw data) can be freely obtained from the TERENO data portal 

(https://teodoor.icg.kfa-juelich.de/ddp/index.jsp, lysimeter station Bad Lauchstädt and Selhausen: SE_Y_03, SE_Y_04). 470 

Climate data for the experimental station Bad Lauchstädt can be acquired upon request from Ralf Gründling. The processed 

data to support the findings of this study can be acquired also from the TERENO data portal 

(https://hdl.handle.net/20.500.11952/butt.metadata.handle/00000010).  

https://teodoor.icg.kfa-juelich.de/ddp/index.jsp
https://hdl.handle.net/20.500.11952/butt.metadata.handle/00000010
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Appendix data: 

Table A1: Basic soil texture information for soils from Bad Lauchstädt (BL), Sauerbach (Sb), Dedelow (Dd), and Selhausen (Se). Please note the soil monoliths 

from Dedelow have a varying soil depth to the clay illuviation horizon (Bt) and to the marly, illitic glacial till (C-horizon). The profile for Dedelow describes the 

soil profile from soil monolith Dd_1. 

Soil Horizon Upper depth Lower depth Sand Silt Clay 

  m m % % % 

BL Ap2 0 0.23 5 73 22 

Axh1-2 0.23 0.33 4 83 13 

Axh3-2 0.33 0.70 4 82 14 

C1-1 0.70 1.10 6 67 27 

C2-2 1.10 1.45 5 72 23 

C3-1 1.45 >1.50 65 16 19 

Sb Ap 0 0.26 13 62 25 

M1 0.26 0.75 15 70 15 

M2 0.75 1.04 11 74 15 

M3 1.04 1.5 6 75 19 

Dd Ap 0.00 0.30 54 31 15 

Al+Bt 0.30 0.42 51 34 15 

Bt 0.42 0.90 52 23 25 

elCcv 0.80 1.50 59 29 12 

Se Ap 0 0.23 15 68 17 

Al-Bv 0.23 0.68 15 63 22 

II-Btv 0.68 >1.50 17 61 22 
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Table A2: Average observed soil water flux at 1.5m soil depth of soils from Bad Lauchstädt (BL), Sauerbach (Sb), Dedelow (Dd), and Selhausen (Se) under a 490 
dry climate Bad Lauchstädt (BL) and wet climate Selhausen (Se). 

Origin Transfer 2011* 2012 2013 2014 2015 2016 2017 Average# 

mm mm mm mm mm mm mm mm 

BL- -8 -91 -91 119 -16 -35 -53 -28 

Sb BL 17 -18 -97 93 -38 -32 -12 -17 

Dd BL 33 -78 -63 164 -34 -52 -44 -18 

Se BL 17 -19 -99 96 -27 -41 -19 -18 

BL Se 31 61 -57 206 7 94 -14 50 

Sb Se 19 28 -28 132 -8 177 46 58 

Dd Se 48 66 76 284 41 223 27 119 

Se- 28 30 -5 142 20 68 40 49 

* April-December; # 2012 – 2017 

  



21 

 

 

Table A3: Site management information on seasonal crop type, sowing and harvesting date, crop growth length N-fertilizer and number of fungicide applications 

at Bad Lauchstädt and Selhausen. Calcium ammonium nitrate (KAS) was mainly us as N-fertilizer. Except for 2013 in Selhausen, where ammonium sulphate 495 
nitrate (ASS) instead of KAS was used. 

Crop Bad Lauchstädt Selhausen 

 Sowing 

YY/mm

/dd 

Harvest 

YY/mm

/dd 

Duration 

[days] 

N-Fertilizer 

(KAS)  

kg N ha-1 

 Number of 

fungicide 

applications 

Sowing 

YY/mm/

dd 

Harvest 

YY/mm/dd 

Duration 

[days] 

N-Fertilizer 

(KAS)  

kg N ha-1 

Number of 

fungicide 

applications 

Pea 11/ 

05/04 

11/ 

08/11 

99  0 11/ 06/01 11/ 08/25 85  0 

Winter 

Barley 

11/ 

09/30 

12/ 

07/12 

278 145  3 11/ 10/14 12/ 07/10 270 50  § 

Winter 

Canola 

12/ 

08/27 

13/ 

07/23 

330 210  2 12/ 09/18 13/ 07/25 310 130# 1 

Oat 14/ 

03/13 

14/ 

06/03 

82 60  0 14/ 03/05 14/ 06/03 90 60  0 

Winter 

Wheat 

14/ 

10/13 

15/ 

07/28 

288 60  2 14/ 10/07 15/ 07/21 279 90  2 

Winter 

Barley 

15/ 09/ 

22 

16/ 

06/30 

282 100  3 15/ 10/07 16/ 07/08 275 80  2 

Winter 

Rye 

16/ 

10/05 

17/ 

07/17 

285 100  2 16/ 10/11 17/ 07/21 283 78  0 

# ASS; § no data available         
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Table A4: Average and coefficient of variation (CV) of yield for soil from Bad Lauchstädt (BL), Dedelow (Dd), Sauerbach (Sb), Selhausen (Se) under dry (BL) 

and wet climate (Se). Origin describes the location, where the soil was taken from and the location where the soil was transferred to, where the soil was 500 
transferred to. The value in the brackets describes the variability of yield for each soil type (standard deviation from three replicates). 

Test site 2011 2012 2013 2014 2015 2016 2017 

Origin Transfer Pea Winter barley Winter canola Oat Winter wheat Winter barley Winter rye 

  t ha
-1

 CV % t ha
-1

 CV % t ha
-1

 CV % t ha
-1

 t ha
-1

 CV % t ha
-1

 CV % t ha
-1

 CV % 

BL 2.20 

(0.44) 

20 9.30 

(1.01) 

11 7.01 

(1.60) 

23 # 7.81 

(0.42) 

5 8.46 

(0.23) 

3 7.35 

(1.35) 

18 

Dd BL 1.11 

(0.48) 

43 8.79 

(0.71) 

8 5.64 

(0.50) 

9 # 5.90 

(0.26) 

4 9.42 

(0.81) 

9 7.74 

(0.97) 

13 

Sb BL 2.44 

(0.92) 

38 10.28 

(2.47) 

24 4.65 

(0.61) 

13 # 8.33 

(0.37) 

4 11.36 

(0.46) 

4 6.83 

(0.92) 

13 

Se BL 0.99 

(0.17) 

17 7.76 

(1.50) 

19 5.07 

(0.82) 

16 # 6.36 

(0.36) 

6 8.42 

(0.66) 

8 5.45 

(0.53) 

10 

BL Se 1.87 

(0.45) 

24 8.43 

(1.29) 

15 1.32 

(0.80) 

62 # 5.66 

(0.88) 

16 5.14 

(0.05) 

1 4.77 

(0.44) 

9 

Dd Se 1.13 

(0.64) 

57 4.02 

(2.31) 

57 2.21 

(0.38) 

17 # 4.73 

(0.83) 

18 3.51 

(2.31) 

1 4.77 

(0.44) 

9 

Sb Se 1.90 

(0.22) 

12 5.06 

(3.56) 

70 3.66 

(1.03) 

28 # 5.67 

(0.14) 

2 5.01 

(2.02) 

40 6.37 

(0.57) 

9 

Se- 2.10 

(0.53) 

25 7.93 

(0.61) 

8 3.94 

(3.05) 

77 # 4.61 

(0.71) 

15 3.49 

(0.51) 

15 4.22 

(0.97) 

23 

# Crop was not harvested but biomass was cut and removed in June. Manually tilled so that soil was bare fallow during summer 



23 

 

References 

 

Adhikari, K., and Hartemink, A. E.: Linking soils to ecosystem services — A global review, Geoderma, 262, 101-111, 505 
10.1016/j.geoderma.2015.08.009, 2016. 

Agam, N., and Berliner, P. R.: Dew formation and water vapor adsorption in semi-arid environments - A review, Journal of Arid 

Environments, 65, 572-590, 10.1016/j.jaridenv.2005.09.004, 2006. 

Albert, M., Nagel, R.-V., Nuske, R. S., Sutmöller, J., and Spellmann, H.: Tree Species Selection in the Face of Drought Risk—Uncertainty 

in Forest Planning, Forests, 8, 363, 10.3390/f8100363, 2017. 510 
Alizadeh, M. R., Bagheri, I., and Payman, M. H.: Evaluation of a Rice Reaper Used for Rapeseed Harvesting, American-Eurasian J. Agric. 

& Environ. Sci., 2, 388-394, 2007. 

Allen, R. G., Pruitt, W. O., Wright, J. L., Howell, T. A., Ventura, F., Snyder, R., Itenfisu, D., Steduto, P., Berengena, J., Yrisarry, J. B., 

Smith, M., Pereira, L. S., Raes, D., Perrier, A., Alves, I., Walter, I., and Elliott, R.: A recommendation on standardized surface resistance 

for hourly calculation of reference ETo by the FAO56 Penman-Monteith method, Agricultural Water Management, 81, 1-22, 515 
10.1016/j.agwat.2005.03.007, 2006. 

Asseng, S., Ewert, F., Martre, P., Rötter, R. P., Lobell, D. B., Cammarano, D., Kimball, B. A., Ottman, M. J., Wall, G. W., White, J. W., 

Reynolds, M. P., Alderman, P. D., Prasad, P. V. V., Aggarwal, P. K., Anothai, J., Basso, B., Biernath, C., Challinor, A. J., De Sanctis, G., 

Doltra, J., Fereres, E., Garcia-Vila, M., Gayler, S., Hoogenboom, G., Hunt, L. A., Izaurralde, R. C., Jabloun, M., Jones, C. D., Kersebaum, 

K. C., Koehler, A. K., Müller, C., Naresh Kumar, S., Nendel, C., O’Leary, G., Olesen, J. E., Palosuo, T., Priesack, E., Eyshi  Rezaei, E., 520 
Ruane, A. C., Semenov, M. A., Shcherbak, I., Stöckle, C., Stratonovitch, P., Streck, T., Supit, I., Tao, F., Thorburn, P. J., Waha, K., Wang, 

E., Wallach, D., Wolf, J., Zhao, Z., and Zhu, Y.: Rising temperatures reduce global wheat production, Nature Climate Change, 5, 143, 

10.1038/nclimate2470, 2014. 

Asseng, S., Martre, P., Maiorano, A., Rötter, R. P., O’Leary, G. J., Fitzgerald, G. J., Girousse, C., Motzo, R., Giunta, F., Babar, M. A., 

Reynolds, M. P., Kheir, A. M. S., Thorburn, P. J., Waha, K., Ruane, A. C., Aggarwal, P. K., Ahmed, M., Balkovič, J., Basso, B ., Biernath, 525 
C., Bindi, M., Cammarano, D., Challinor, A. J., De Sanctis, G., Dumont, B., Eyshi Rezaei, E., Fereres, E., Ferrise, R., Garcia-Vila, M., 

Gayler, S., Gao, Y., Horan, H., Hoogenboom, G., Izaurralde, R. C., Jabloun, M., Jones, C. D., Kassie, B. T., Kersebaum, K.-C., Klein, C., 

Koehler, A.-K., Liu, B., Minoli, S., Montesino San Martin, M., Müller, C., Naresh Kumar, S., Nendel, C., Olesen, J. E., Palosuo, T., 

Porter, J. R., Priesack, E., Ripoche, D., Semenov, M. A., Stöckle, C., Stratonovitch, P., Streck, T., Supit, I., Tao, F., Van der Velde, M., 

Wallach, D., Wang, E., Webber, H., Wolf, J., Xiao, L., Zhang, Z., Zhao, Z., Zhu, Y., and Ewert, F.: Climate change impact and adaptation 530 
for wheat protein, Global Change Biology, 25, 155-173, 10.1111/gcb.14481, 2019. 

Blois, J. L., Williams, J. W., Fitzpatrick, M. C., Jackson, S. T., and Ferrier, S.: Space can substitute for time in predicting climate-change 

effects on biodiversity, Proceedings of the National Academy of Sciences, 110, 9374-9379, 10.1073/pnas.1220228110, 2013. 

Bogena, H. R., Montzka, C., Huisman, J. A., Graf, A., Schmidt, M., Stockinger, M., von Hebel, C., Hendricks-Franssen, H. J., van der 

Kruk, J., Tappe, W., Lücke, A., Baatz, R., Bol, R., Groh, J., Pütz, T., Jakobi, J., Kunkel, R., Sorg, J., and Vereecken, H.: The TERENO-535 
Rur Hydrological Observatory: A Multiscale Multi-Compartment Research Platform for the Advancement of Hydrological Science, 

Vadose Zone Journal, 17, 10.2136/vzj2018.03.0055, 2018. 

Breuer, L., Eckhardt, K., and Frede, H.-G.: Plant parameter values for models in temperate climates, Ecological Modelling, 169, 237-293, 

10.1016/S0304-3800(03)00274-6, 2003. 

Brunke, M., Groh, J., Vanderborght, J., Vereecken, H., and Pütz, T.: Tau - ein bedeutsamer Bestandteil des Wasserhaushaltes eines 540 
Grünlandstandortes - Eine lysimeterbasierte Studie (In German, with English abstract.)  18. Gumpensteiner Lysimetertagung 2019, 49 – 

58, 2019. 

Cao, R., Jia, X., Huang, L., Zhu, Y., Wu, L., and Shao, M. a.: Deep soil water storage varies with vegetation type and rainfall amount in 

the Loess Plateau of China, Scientific Reports, 8, 12346, 10.1038/s41598-018-30850-7, 2018. 

Ellerbrock, R. H., Gerke, H. H., Bachmann, J., and Goebel, M.-O.: Composition of Organic Matter Fractions for Explaining Wettability of 545 
Three Forest Soils, Soil Science Society of America Journal, 69, 57-66, 10.2136/sssaj2005.0057, 2005. 

Ewert, F., Rodriguez, D., Jamieson, P., Semenov, M. A., Mitchell, R. A. C., Goudriaan, J., Porter, J. R., Kimball, B. A., Pinter, P. J., 

Manderscheid, R., Weigel, H. J., Fangmeier, A., Fereres, E., and Villalobos, F.: Effects of elevated CO2 and drought on wheat: testing 

crop simulation models for different experimental and climatic conditions, Agriculture, Ecosystems & Environment, 93, 249-266, 

10.1016/S0167-8809(01)00352-8, 2002. 550 
Fan, Y., Wang, C., and Nan, Z.: Determining water use efficiency of wheat and cotton: A meta-regression analysis, Agricultural Water 

Management, 199, 48-60, 10.1016/j.agwat.2017.12.006, 2018. 



24 

 

Frieler, K., Schauberger, B., Arneth, A., Balkovič, J., Chryssanthacopoulos, J., Deryng, D., Elliott, J., Folberth, C., Khabarov, N., Müller, 

C., Olin, S., Pugh, T. A. M., Schaphoff, S., Schewe, J., Schmid, E., Warszawski, L., and Levermann, A.: Understanding the weather signal 

in national crop‐yield variability, Earth's Future, 5, 605-616, 10.1002/2016EF000525, 2017. 555 
Gammans, M., Mérel, P., and Ortiz-Bobea, A.: Negative impacts of climate change on cereal yields: statistical evidence from France, 

Environmental Research Letters, 12, 054007, 10.1088/1748-9326/aa6b0c, 2017. 

Gourdji, S. M., Sibley, A. M., and Lobell, D. B.: Global crop exposure to critical high temperatures in the reproductive period: historical 

trends and future projections, Environmental Research Letters, 8, 024041, 10.1088/1748-9326/8/2/024041, 2013. 

Groh, J., Vanderborght, J., Pütz, T., and Vereecken, H.: How to Control the Lysimeter Bottom Boundary to Investigate the Effect of 560 
Climate Change on Soil Processes?, Vadose Zone Journal, 15, 10.2136/vzj2015.08.0113, 2016. 

Groh, J., Slawitsch, V., Herndl, M., Graf, A., Vereecken, H., and Pütz, T.: Determining dew and hoar frost formation for a low mountain 

range and alpine grassland site by weighable lysimeter, Journal of Hydrology, 563, 372-381, 10.1016/j.jhydrol.2018.06.009, 2018a. 

Groh, J., Stumpp, C., Lücke, A., Pütz, T., Vanderborght, J., and Vereecken, H.: Inverse Estimation of Soil Hydraulic and Transport 

Parameters of Layered Soils from Water Stable Isotope and Lysimeter Data, Vadose Zone Journal, 17, 10.2136/vzj2017.09.0168, 2018b. 565 
Groh, J., Pütz, T., Gerke, H. H., Vanderborght, J., and Vereecken, H.: Quantification and prediction of nighttime evapotranspiration for 

two distinct grassland ecosystems, Water Resources Research, 10.1029/2018wr024072, 2019. 

Gudmundsson, L., and Seneviratne, S. I.: Anthropogenic climate change affects meteorological drought risk in Europe, Environmental 

Research Letters, 11, 044005, 10.1088/1748-9326/11/4/044005, 2016. 

Gudmundsson, L., Seneviratne, S. I., and Zhang, X.: Anthropogenic climate change detected in European renewable freshwater resources, 570 
Nature Climate Change, 7, 813, 10.1038/nclimate3416, 2017. 

Hatfield, J. L., and Dold, C.: Water-Use Efficiency: Advances and Challenges in a Changing Climate, Frontiers in Plant Science, 10, 

10.3389/fpls.2019.00103, 2019. 

Herbrich, M., and Gerke, H. H.: Scales of Water Retention Dynamics Observed in Eroded Luvisols from an Arable Postglacial Soil 

Landscape, Vadose Zone Journal, 10.2136/vzj2017.01.0003, 2017. 575 
Herbrich, M., Gerke, H. H., Bens, O., and Sommer, M.: Water balance and leaching of dissolved organic and inorganic carbon of eroded 

Luvisols using high precision weighing lysimeters, Soil and Tillage Research, 165, 144-160, 10.1016/j.still.2016.08.003, 2017. 

Hirmas, D. R., Giménez, D., Nemes, A., Kerry, R., Brunsell, N. A., and Wilson, C. J.: Climate-induced changes in continental-scale soil 

macroporosity may intensify water cycle, Nature, 561, 100-103, 10.1038/s41586-018-0463-x, 2018. 

Ionita, M., Tallaksen, L. M., Kingston, D. G., Stagge, J. H., Laaha, G., Van Lanen, H. A. J., Chelcea, S. M., and Haslinger, K.: The 580 
European 2015 drought from a climatological perspective, Hydrol. Earth Syst. Sci. Discuss., 2016, 1-32, 10.5194/hess-2016-218, 2016. 

Joernsgaard, B., and Halmoe, S.: Intra-field yield variation over crops and years, European Journal of Agronomy, 19, 23-33, 

10.1016/S1161-0301(02)00016-3, 2003. 

Katerji, N., Mastrorilli, M., and Rana, G.: Water use efficiency of crops cultivated in the Mediterranean region: Review and analysis, 

European Journal of Agronomy, 28, 493-507, 10.1016/j.eja.2007.12.003, 2008. 585 
Kemanian, A. R., Stöckle, C. O., and Huggins, D. R.: Estimating Grain and Straw Nitrogen Concentration in Grain Crops Based on 

Aboveground Nitrogen Concentration and Harvest Index, Agronomy Journal, 99, 158-165, 10.2134/agronj2006.0090, 2007. 

Kuai, J., Sun, Y., Zuo, Q., Huang, H., Liao, Q., Wu, C., Lu, J., Wu, J., and Zhou, G.: The yield of mechanically harvested rapeseed 

(Brassica napus L.) can be increased by optimum plant density and row spacing, Scientific Reports, 5, 18835, 10.1038/srep18835, 2015. 

Kunrath, T. R., Lemaire, G., Sadras, V. O., and Gastal, F.: Water use efficiency in perennial forage species: Interactions between nitrogen 590 
nutrition and water deficit, Field Crops Research, 222, 1-11, 10.1016/j.fcr.2018.02.031, 2018. 

Laaha, G., Gauster, T., Tallaksen, L. M., Vidal, J. P., Stahl, K., Prudhomme, C., Heudorfer, B., Vlnas, R., Ionita, M., Van Lanen, H. A. J., 

Adler, M. J., Caillouet, L., Delus, C., Fendekova, M., Gailliez, S., Hannaford, J., Kingston, D., Van Loon, A. F., Mediero, L., Osuch, M., 

Romanowicz, R., Sauquet, E., Stagge, J. H., and Wong, W. K.: The European 2015 drought from a hydrological perspective, Hydrol. Earth 

Syst. Sci. Discuss., 2016, 1-30, 10.5194/hess-2016-366, 2016. 595 
Lobell, D. B., and Gourdji, S. M.: The Influence of Climate Change on Global Crop Productivity, Plant Physiology, 160, 1686-1697, 

10.1104/pp.112.208298, 2012. 

Mei, X., Ma, L., Zhu, Q., Li, B., Zhang, D., Liu, H., Zhang, Q., Gou, Q., and Shen, M.: The variability in soil water storage on the loess 

hillslopes in China and its estimation, CATENA, 172, 807-818, 10.1016/j.catena.2018.09.045, 2019. 

Merbach, I., and Schulz, E.: Long-term fertilization effects on crop yields, soil fertility and sustainability in the Static Fertilization 600 
Experiment Bad Lauchstädt under climatic conditions 2001–2010, Archives of Agronomy and Soil Science, 59, 1041-1057, 

10.1080/03650340.2012.702895, 2013. 

Niu, S., Xing, X., Zhang, Z. H. E., Xia, J., Zhou, X., Song, B., Li, L., and Wan, S.: Water-use efficiency in response to climate change: 

from leaf to ecosystem in a temperate steppe, Global Change Biology, 17, 1073-1082, 10.1111/j.1365-2486.2010.02280.x, 2011. 

Nuttall, J. G., O'Leary, G. J., Panozzo, J. F., Walker, C. K., Barlow, K. M., and Fitzgerald, G. J.: Models of grain quality in wheat—A 605 
review, Field Crops Research, 202, 136-145, 10.1016/j.fcr.2015.12.011, 2017. 

Pickett, S. T. A.: Space-for-Time Substitution as an Alternative to Long-Term Studies, in: Long-Term Studies in Ecology: Approaches and 

Alternatives, edited by: Likens, G. E., Springer New York, New York, NY, 110-135, 1989. 



25 

 

Ponce-Campos, G. E., Moran, M. S., Huete, A., Zhang, Y., Bresloff, C., Huxman, T. E., Eamus, D., Bosch, D. D., Buda, A. R., Gunter, S. 

A., Scalley, T. H., Kitchen, S. G., McClaran, M. P., McNab, W. H., Montoya, D. S., Morgan, J. A., Peters, D. P. C., Sadler, E. J., Seyfried, 610 
M. S., and Starks, P. J.: Ecosystem resilience despite large-scale altered hydroclimatic conditions, Nature, 494, 349, 10.1038/nature11836, 

2013. 

Pütz, T., Kiese, R., Wollschläger, U., Groh, J., Rupp, H., Zacharias, S., Priesack, E., Gerke, H. H., Gasche, R., Bens, O., Borg, E., 

Baessler, C., Kaiser, K., Herbrich, M., Munch, J.-C., Sommer, M., Vogel, H.-J., Vanderborght, J., and Vereecken, H.: TERENO-

SOILCan: a lysimeter-network in Germany observing soil processes and plant diversity influenced by climate change, Environmental 615 
Earth Sciences, 75, 1-14, 10.1007/s12665-016-6031-5, 2016. 

Rieckh, H., Gerke, H. H., and Sommer, M.: Hydraulic properties of characteristic horizons depending on relief position and structure in a 

hummocky glacial soil landscape, Soil and Tillage Research, 125, 123-131, 10.1016/j.still.2012.07.004, 2012. 

Robinson, D. A., Jones, S. B., Lebron, I., Reinsch, S., Domínguez, M. T., Smith, A. R., Jones, D. L., Marshall, M. R., and Emmett, B. A.: 

Experimental evidence for drought induced alternative stable states of soil moisture, Scientific Reports, 6, 20018, 10.1038/srep20018, 620 
2016. 

Rogers, B. M., Jantz, P., and Goetz, S. J.: Vulnerability of eastern US tree species to climate change, Global Change Biology, 23, 3302-

3320, 10.1111/gcb.13585, 2017. 

Scanlon, T. M., Caylor, K. K., Manfreda, S., Levin, S. A., and Rodriguez-Iturbe, I.: Dynamic response of grass cover to rainfall variability: 

implications for the function and persistence of savanna ecosystems, Advances in Water Resources, 28, 291-302, , 2005. 625 
Schauberger, B., Archontoulis, S., Arneth, A., Balkovic, J., Ciais, P., Deryng, D., Elliott, J., Folberth, C., Khabarov, N., Müller, C., Pugh, 

T. A. M., Rolinski, S., Schaphoff, S., Schmid, E., Wang, X., Schlenker, W., and Frieler, K.: Consistent negative response of US crops to 

high temperatures in observations and crop models, Nature Communications, 8, 13931, 10.1038/ncomms13931, 2017. 

Scheelbeek, P. F. D., Bird, F. A., Tuomisto, H. L., Green, R., Harris, F. B., Joy, E. J. M., Chalabi, Z., Allen, E., Haines, A., and Dangour, 

A. D.: Effect of environmental changes on vegetable and legume yields and nutritional quality, Proceedings of the National Academy of 630 
Sciences, 115, 6804-6809, 10.1073/pnas.1800442115, 2018. 

Sebastiá, M.-T.: Plant guilds drive biomass response to global warming and water availability in subalpine grassland, Journal of Applied 

Ecology, 44, 158-167, 10.1111/j.1365-2664.2006.01232.x, 2007. 

Sommer, M., Gerke, H. H., and Deumlich, D.: Modelling soil landscape genesis — A “time split” approach for hummocky agricultural 

landscapes, Geoderma, 145, 480-493, 10.1016/j.geoderma.2008.01.012, 2008. 635 
Talley, S. M., Coley, P. D., and Kursar, T. A.: The effects of weather on fungal abundance and richness among 25 communities in the 

Intermountain West, BMC Ecol, 2, 7-7, 10.1186/1472-6785-2-7, 2002. 

te Brake, B., van der Ploeg, M. J., and de Rooij, G. H.: Water storage change estimation from in situ shrinkage measurements of clay soils, 

Hydrol. Earth Syst. Sci., 17, 1933-1949, 10.5194/hess-17-1933-2013, 2013. 

Tolk, J. A., and Howell, T. A.: Transpiration and Yield Relationships of Grain Sorghum Grown in a Field Environment 1 The mention of 640 
trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply 

recommendation or endorsement by the U.S. Department of Agriculture, Agronomy Journal, 101, 657-662, 10.2134/agronj2008.0079x, 

2009. 

Troch, P. A., Carrillo, G., Sivapalan, M., Wagener, T., and Sawicz, K.: Climate-vegetation-soil interactions and long-term hydrologic 

partitioning: signatures of catchment co-evolution, Hydrol. Earth Syst. Sci., 17, 2209-2217, 10.5194/hess-17-2209-2013, 2013. 645 
Vereecken, H., Weynants, M., Javaux, M., Pachepsky, Y., Schaap, M. G., and Genuchten, M. T. v.: Using Pedotransfer Functions to 

Estimate the van Genuchten–Mualem Soil Hydraulic Properties: A Review All rights reserved. No part of this periodical may be 

reproduced or transmitted in any form or by any means, electronic or mechanical, including photocopying, recording, or any information 

storage and retrieval system, without permission in writing from the publisher, Vadose Zone Journal, 9, 795-820, 10.2136/vzj2010.0045, 

2010. 650 
Vereecken, H., Schnepf, A., Hopmans, J. W., Javaux, M., Or, D., Roose, T., Vanderborght, J., Young, M. H., Amelung, W., Aitkenhead, 

M., Allison, S. D., Assouline, S., Baveye, P., Berli, M., Brüggemann, N., Finke, P., Flury, M., Gaiser, T., Govers, G., Ghezzehei, T., 

Hallett, P., Hendricks Franssen, H. J., Heppell, J., Horn, R., Huisman, J. A., Jacques, D., Jonard, F., Kollet, S., Lafolie, F., Lamorski, K., 

Leitner, D., McBratney, A., Minasny, B., Montzka, C., Nowak, W., Pachepsky, Y., Padarian, J., Romano, N., Roth, K., Rothfuss, Y., 

Rowe, E. C., Schwen, A., Šimůnek, J., Tiktak, A., Van Dam, J., van der Zee, S. E. A. T. M., Vogel, H. J., Vrugt, J. A., Wöhling, T., and 655 
Young, I. M.: Modeling Soil Processes: Review, Key Challenges, and New Perspectives, Vadose Zone Journal, 15, 

10.2136/vzj2015.09.0131, 2016. 

Wallor, E., Kersebaum, K.-C., Ventrella, D., Bindi, M., Cammarano, D., Coucheney, E., Gaiser, T., Garofalo, P., Giglio, L., Giola, P., 

Hoffmann, M. P., Iocola, I., Lana, M., Lewan, E., Maharjan, G. R., Moriondo, M., Mula, L., Nendel, C., Pohankova, E., Roggero, P. P., 

Trnka, M., and Trombi, G.: The response of process-based agro-ecosystem models to within-field variability in site conditions, Field 660 
Crops Research, 228, 1-19, 10.1016/j.fcr.2018.08.021, 2018. 

Walter, H., and Lieth, H. H. F.: Klimadiagramm-Weltatlas, Fischer Verlag, Jena, 1967. 

Wichelns, D.: Do Estimates of Water Productivity Enhance Understanding of Farm-Level Water Management?, Water, 6, 778-795, 

10.3390/w6040778 2014. 



26 

 

Wogan, G. O. U., and Wang, I. J.: The value of space-for-time substitution for studying fine-scale microevolutionary processes, 665 
Ecography, 41, 1456-1468, 10.1111/ecog.03235, 2018. 

Wollschläger, U., Attinger, S., Borchardt, D., Brauns, M., Cuntz, M., Dietrich, P., Fleckenstein, J. H., Friese, K., Friesen, J., Harpke, A., 

Hildebrandt, A., Jäckel, G., Kamjunke, N., Knöller, K., Kögler, S., Kolditz, O., Krieg, R., Kumar, R., Lausch, A., Liess, M., Marx, A., 

Merz, R., Mueller, C., Musolff, A., Norf, H., Oswald, S. E., Rebmann, C., Reinstorf, F., Rode, M., Rink, K., Rinke, K., Samaniego, L., 

Vieweg, M., Vogel, H.-J., Weitere, M., Werban, U., Zink, M., and Zacharias, S.: The Bode hydrological observatory: a platform for 670 
integrated, interdisciplinary hydro-ecological research within the TERENO Harz/Central German Lowland Observatory, Environmental 

Earth Sciences, 76, 29, 10.1007/s12665-016-6327-5, 2016. 

Wu, W.-Y., Lan, C.-W., Lo, M.-H., Reager, J. T., and Famiglietti, J. S.: Increases in the annual range of soil water storage at northern 

middle and high latitudes under global warming, Geophysical Research Letters, 42, 3903-3910, 10.1002/2015GL064110, 2015. 

Xiao, G., Zheng, F., Qiu, Z., and Yao, Y.: Impact of climate change on water use efficiency by wheat, potato and corn in semiarid areas of 675 
China, Agriculture, Ecosystems & Environment, 181, 108-114, 10.1016/j.agee.2013.09.019, 2013. 

Xiao, H., Meissner, R., Seeger, J., Rupp, H., and Borg, H.: Effect of vegetation type and growth stage on dewfall, determined with high 

precision weighing lysimeters at a site in northern Germany, Journal of Hydrology, 377, 43-49, 10.1016/j.jhydrol.2009.08.006, 2009. 

Yang, Y., Liu, D. L., Anwar, M. R., O’Leary, G., Macadam, I., and Yang, Y.: Water use efficiency and crop water balance of rainfed 

wheat in a semi-arid environment: sensitivity of future changes to projected climate changes and soil type, Theoretical and Applied 680 
Climatology, 123, 565-579, 10.1007/s00704-015-1376-3, 2016. 

Yost, J. L., Huang, J., and Hartemink, A. E.: Spatial-temporal analysis of soil water storage and deep drainage under irrigated potatoes in 

the Central Sands of Wisconsin, USA, Agricultural Water Management, 217, 226-235, 10.1016/j.agwat.2019.02.045, 2019. 

Yuan, Z. Y., Jiao, F., Shi, X. R., Sardans, J., Maestre, F. T., Delgado-Baquerizo, M., Reich, P. B., and Peñuelas, J.: Experimental and 

observational studies find contrasting responses of soil nutrients to climate change, eLife, 6, e23255, 10.7554/eLife.23255, 2017. 685 
Zhang, B., Liu, W., Chang, S. X., and Anyia, A. O.: Water-deficit and high temperature affected water use efficiency and arabinoxylan 

concentration in spring wheat, Journal of Cereal Science, 52, 263-269, 10.1016/j.jcs.2010.05.014, 2010. 

Zhang, J., Ren, W., An, P., Pan, Z., Wang, L., Dong, Z., He, D., Yang, J., Pan, S., and Tian, H.: Responses of Crop Water Use Efficiency 

to Climate Change and Agronomic Measures in the Semiarid Area of Northern China, PLOS ONE, 10, e0137409, 

10.1371/journal.pone.0137409, 2015. 690 
Zhao, C., Piao, S., Huang, Y., Wang, X., Ciais, P., Huang, M., Zeng, Z., and Peng, S.: Field warming experiments shed light on the wheat 

yield response to temperature in China, Nature Communications, 7, 13530, 10.1038/ncomms13530, 2016. 

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., Huang, M., Yao, Y., Bassu, S., Ciais, P., Durand, J.-L., Elliott, J., Ewert, 

F., Janssens, I. A., Li, T., Lin, E., Liu, Q., Martre, P., Müller, C., Peng, S., Peñuelas, J., Ruane, A. C., Wallach, D., Wang, T., Wu, D., Liu, 

Z., Zhu, Y., Zhu, Z., and Asseng, S.: Temperature increase reduces global yields of major crops in four independent estimates, Proceedings 695 
of the National Academy of Sciences, 114, 9326-9331, 10.1073/pnas.1701762114, 2017. 

Zhou, S., Yu, B., Schwalm, C. R., Ciais, P., Zhang, Y., Fisher, J. B., Michalak, A. M., Wang, W., Poulter, B., Huntzinger, D. N., Niu, S., 

Mao, J., Jain, A., Ricciuto, D. M., Shi, X., Ito, A., Wei, Y., Huang, Y., and Wang, G.: Response of Water Use Efficiency to Global 

Environmental Change Based on Output From Terrestrial Biosphere Models, Global Biogeochemical Cycles, 31, 1639-1655, 

10.1002/2017gb005733, 2017. 700 
 



Dear Editor Markus Weiler, 

Thank you for your response on our replies. We added the proposed changes and discussed the 

points in detail which were suggested by the two reviewers in the revised manuscript. We also 

include briefly in the revised manuscript that the measurements errors in determining the water 

fluxes were in general much smaller than the effect of moving the soils in the revised manuscript. We 

hope that revision of our manuscript could answer the open questions from the replies and the 

Editor. 

Kind regards 

Jannis Groh 
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