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Abstract
Ecosystems in the temperate, boreal and arctic zone are strongly shaped by seasonal cycles. For 

many organisms, the main challenge is to withstand the harsh winter conditions, for others, 

water availability during summer is more critical. The climatic extremes significantly drive 

individual performance, but also shape biogeochemical and ecological processes. Under 

climate change, the seasonal dynamics are significantly altered with considerable effects on 

ecosystem functioning. For European beech (Fagus sylvatica L.), which dominates natural 

forests over large parts of Europe, increased probability of summer droughts has raised 

widespread concerns about growth declines in European beech. Warming, however, is most 

pronounced during winter. This may have significant implications particularly in the temperate 

zone, where temperatures cross the critical ecological threshold of 0°C, shifting precipitation 

from snow to rain and reducing soil insulation. Furthermore, overall winter precipitation is 

increasing, with uncertain consequences for forest ecosystems. The rapid climatic changes of 

recent decades have highlighted that winter is understudied compared to the other seasons. This 

PhD thesis therefore aims to address crucial knowledge gaps in the understanding of winter in 

temperate broad-leaved forests. The investigations were carried out in European beech forests 

of north-eastern Germany and northern Poland along natural gradients in winter temperatures 

and winter precipitation. Thanks to the study design, the findings are realistic and allow for 

conclusions representable for large parts of the north-eastern distribution range of European 

beech. 

A large-scale field experiment simulated winter climate change by excluding snow and adding 

precipitation to single mature target trees (Manuscript I and II). Various ecosystem processes 

were analysed along gradients of winter precipitation and soil temperature, achieved by both 

natural differences between the sites and experimental manipulation (Manuscript I). Wetter 

winters induced a positive effect of soil warming on net fine root growth during winter and 

aboveground tree growth was adjusted to long-term winter precipitation. Specifically, radial 

growth rates increased exponentially by 2.7% relatively to its actual value per mm long-term 

winter precipitation, what corresponds to 45 µm yr-1 mm-1 at intermediate growth rates. This 

suggests that increased winter precipitation could at least partially compensate for summer 

droughts. The importance of this effect is expected to increase with ongoing climate change. 

However, soil cooling as a consequence of decreased snow insulation is still a risk factor in 

cold-temperate forests, particularly during wetter future winters. Winter precipitation and soil 

temperatures also affected decomposition rates, suggesting community shifts in the 

microbiome, with uncertain feedbacks on primary production. Nitrate and sulfate availability 
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increased during winter in response to more precipitation likely due to higher deposition rates 

(Manuscript II). More than 80% of additional nutrients, however, were leached within winter 

and therefore not available for plants during the growing season. Instead, the main ecological 

consequences of these high leaching rates may be soil acidification and groundwater pollution.

Field monitoring of fine root length over two consecutive years (Manuscript III) assumed that 

winter was not the main challenge, presumably due to a lack of soil frost. Specifically, root 

length density was 40% higher at the beginning of winter and 51% higher at the end of winter 

compared to summer. Fine root length did not reduce neither increase over winter. Instead, dry 

summers posed a significant challenge for roots, and this even at the north-eastern edge of the 

species' distribution range. The drastic decrease in fine root length over the dry periods of the 

year and no trend towards deeper root growth are worrying signals in terms of climate change. 

Also, winter precipitation does not promote belowground growth during this time (Manuscript 

I). Quick compensatory growth after periods of fine root loss, however, demonstrates a strong 

ability to recover as soon as conditions become more favourable. The results highlight the 

immense seasonal variability in fine root length in temperate forests and indicate that fine root 

dynamics are less predictable than previously assumed.

This thesis also moved forward some methodological challenges in ecological research. 

Manuscript III includes the results of an experiment which showed that the AI RootDetector 

used for automatic analysis of the minirhizotron pictures was unaffected by changes in soil 

moisture. This confirms that the minirhizotron technique with artificial image analysis is a 

promising tool for belowground research. Manuscript IV provides a guideline for designing 

experiments in an appropriate and effective way. A literature study revealed that researchers 

have predominantly applied replicated designs for ecological experiments, even if the main goal 

of the study was to characterize the response pattern of underlying drivers. Advantages of 

gradient designs and corresponding analyses, as applied in Manuscript I, are outlined. 

Overall, this PhD-thesis provides evidence that it is crucial to consider winter precipitation 

when modelling biogeochemical and ecological processes in temperate broad-leaved forests in 

times of climate change. Tree growth patterns suggest that wetter winters could enhance the 

ability of European beech to cope with climate change, at least in regions where soils get 

warmer. The root system remains vulnerable to winter soil cooling and to summer conditions, 

but the high seasonal variability in fine root length may be a possibility of beech to adapt to 

changing conditions. 
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Thesis Summary

Introduction

Ecosystems are strongly shaped by seasonal cycles in large parts of the northern hemisphere. 

For many organisms inhabiting the arctic, boreal and temperate zone, the main challenge is to 

withstand the harsh winter (Campbell et al. 2005). This is reflected in the natural distribution 

ranges of many tree species, which are often limited to the north by winter minimum tempera

tures (Sakai & Weiser 1973). However, it is not only the winter conditions that pose significant 

constraints to organisms. For spring and autumn, a wide variety of phenological strategies 

exists, balancing the advantages of a longer growing season with the risk of early season or late 

season frost damages (Geng et al. 2020; Sporbert et al. 2022). During summer, high tempera

tures and limited water availability can limit survival as well, with generally increasing im-

portance towards lower latitudes (Bréda et al. 2006; Kljun et al. 2006). The ecological processes 

during the growing season have long been in the focus of scientific research, while ecologists 

regarded winter as the dormant season of limited ecological significance, during which biologi

cal activity largely ceases. Winter started to gain increasing attention when the first conse

quences of climate change became evident (Kreyling 2010). Today, a growing number of 

studies provides evidence that winter plays a key role in the ecosystem (Makoto et al. 2014; 

Williams et al. 2015; Kreyling 2020; Contosta et al. 2024). For instance, winter precipitation is 

important for the ecosystems water balance (Floriancic et al. 2024) and affects nutrient cycling 

via deposition (Hole et al. 2008) and leaching (Bowles et al. 2018). Also, a wide range of rele

vant ecological and biogeochemical processes persists during winter despite cold temperatures. 

A considerable portion of annual soil microbial activity happens during the cold season (Brooks 

et al. 1996) and plant´s fine root growth can continue during winter (Schenker et al. 2014). 

Much of this belowground activity is favoured by an insulating snow cover, that provides 

relatively stable soil temperatures and moisture levels and keeps soils warm enough to support 

ecological processes (Groffman et al. 2001). A snow depth of 10 cm can already smooth out 

differences between air and soil temperatures (Thorsen & Höglind 2010) and 30 3 40 cm of 

snow effectively isolate soil temperatures from atmospheric conditions, even in very cold areas 

(Sturm et al. 1997). A permanent snow cover is also important for overwintering of many spe

cies. Even though winter is still underrepresented in scientific research, it is now widely 

recognized that winter not only drives individual performance, but also influences species 

competition and the dynamics of entire ecosystems (Williams et al. 2015). 
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In times of climate change, warming is more pronounced during winter than during every other 

season in the temperate, boreal and arctic zone (IPCC 2021). Due to the crucial relevance of 

winter climate change, Studd et al. (2021) formulated <winter is changing= as the overarching 

maxim for winter ecological research. The temperate zone is especially vulnerable to winter 

warming, because temperatures in this region may cross the ecologically important threshold 

of 0°C (Contosta et al. 2024). Climate models project increases in air temperatures of 1.4 to 

4.4°C globally until the end of the century compared to the reference period 1850 3 1900 and 

depending on the emission scenario (IPCC 2021). In Europe, the past three winters (2021/22, 

2022/23 and 2023/24) were around 1°C warmer than the 30-years average between 1990 and 

2020 and in large parts of Europe coldest month temperatures do not regularly fall below the 

freezing point anymore (Copernicus Climate Change Service (C3S) 2024). This has 

considerable implication for the snow regime. Soils in colder northern regions with mean winter 

temperatures below -5°C might still be protected by sufficient snow cover in the future. In 

regions with higher mean winter temperatures, however, winter warming is shifting precipi

tation from snow towards rain (Brown & Mote 2009). On average, snow cover days over the 

northern hemisphere have been decreasing by 5.3 days per decade (between 1972 and 2008; 

Choi et al. 2010) or even by almost 10 days per decade in the zone between 25° and 85° northern 

latitude (from 1992 to 2016; Xiao et al. 2020). The loss in snow cover duration seems to be 

mainly attributed to an earlier offset of the snow season in early spring (Choi et al. 2010). 

However, within large parts of the temperature zone, a few degrees of warming are sufficient 

to cause the snow cover to disappear completely. Since sporadic cold winter extremes are ex

pected to persist and even increase in frequency in temperate ecosystems (Yang & Christensen 

2012), the lack of an insulating snow layer may lead to an increase in soil frost probability and 

to <colder soils in a warmer world=, as originally demonstrated by Groffman et al. (2001). This 

phenomenon is expected to be most pronounced in cold-temperate regions, where snow cover 

during winter historically used to be common. However, in southern and much of central 

Europe, where snow used to play a minor role, winter soil temperatures are expected to rise 

with climate warming (Kreyling & Henry 2011). 

Another ecologically important variable that is altered with climate change is the amount of 

precipitation. In the temperate zone, a decrease in summer precipitation is generally predicted 

to increase the likelihood of drought events. Only few exceptions exist, mainly close to large 

water bodies (IPCC 2021). Higher air temperatures can further contribute to drought by 

increasing evapotranspiration rates (Trenberth et al. 2014). In contrast, the total amount of 

winter precipitation will increase for large parts of the northern hemisphere, because higher 
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temperatures increase the water-carrying capacity of the atmosphere (IPCC 2021; Trnka et al. 

2022). The intensity of this increase is again more pronounced with higher latitudes. For central 

Europe, for instance, the increase might be less than 15% (Hamann et al. 2013; Trnka et al. 

2022; Piovesan & Schirome 2000), while winter precipitation at higher latitudes is predicted to 

increase by more than 50% until the end of the century (IPCC 2021). However, these estimates 

are uncertain and vary between models. As outlined by Kreyling (2020), hardly any study about 

the effects of wetter winters is available for cold-temperate ecosystems, despite an increasing 

number of studies that investigate precipitation shifts from snow to rain and associated changes 

in the soil temperature regime. Before presenting current knowledge on how these ecosystems 

are affected by the climatic changes, a short introduction into European beech forests will be 

given. These forests are the native forest vegetation over large parts of the cold-temperate zone 

within Europe and form the focus of this study. 

The natural distribution range of European beech forests spans from southern Italy to southern 

Norway and from northern Spain to eastern Romania (Fig. 1), with European beech (Fagus 

sylvatica L.) as the dominating tree species (Bolte et al. 2007). This species is shade tolerant 

and able to reduce the light reaching the forest ground by more than 95%. With this strategy, it 

successfully outcompetes other tree species, that are unable to regenerate under such conditions 

(Leuschner & Ellenberg 2017; Emborg 1998). European beech generally prefers a maritime, 

temperate climate with mild winters and moist summer conditions, but tolerates a wide range 

of site conditions, including dry to moist climate and acid to alkaline soils (Bolte et al. 2007; 

Leuschner & Ellenberg 2017). However, growth of beech is highly sensitive to drought, what 

might limit its southern distribution range (Saltré et al. 2015; Leuschner 2020). Summer 

precipitation is also an important factor limiting growth in central European populations 

(Scharnweber et al. 2011) and at the eastern distribution range with pronounced continental 

climate (Bolte et al. 2007). Towards the cold-marginal distribution edge, the importance of 

winter temperatures increases and exceeds that of summer water availability, as demonstrated 

by Weigel et al. (2018) for the north-eastern distribution border in northern Poland. 

With global warming, species are generally expected to shift their distribution ranges toward 

the poles or higher elevations (Parmesan 2006; Freeman et al. 2018). However, this observation 

gets more complex for the cold-marginal distribution range of European beech when 

considering that climate variability is increasing as well. For instance, beech is quite sensitive 

to late frost during spring (Príncipe et al. 2017). Also, the above-mentioned effect of <colder 

soils in a warmer world= in response to decreased snow cover may counteract such range 

extensions, because of a high fine root sensitivity to winter soil temperatures. Soil frost events 
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have been identified to reduce fine root length during winter and, in turn, reduce aboveground 

growth during the subsequent growing season (Comerford et al. 2013; Reinmann et al. 2019; 

Weigel et al. 2021). Soil temperature reductions also disrupt soil microbial activity and may 

indirectly affect plant growth by altering the availability of plant available nutrients (Yanai et 

al. 2004; Boelter et al. 2005). Reduced nutrient uptake by damaged roots would further increase 

leaching rates (Campbell et al. 2014). 

The shift of precipitation from summer to winter may also have strong implications for 

ecosystem functioning of European beech forests. Predictions on growth reductions in response 

to increasing drought during future summers are broadly recognized for European beech. 

Primary production is directly reduced if trees cannot maintain optimal photosynthesis rates 

(Leuschner 2020). Additionally, low soil moisture reduces microbial activity and the 

availability of nutrients (Gavazov et al. 2014). During winter, water is usually not a limiting 

factor for plants and the microbiome, as evapotranspiration is much reduced and soils are 

typically saturated during this time of the year in northern parts of the temperate zone (Ritter & 

Vesterdal 2006). Nevertheless, wetter winters may considerably affect biogeochemical cycling, 

for instance by enhancing nutrient leaching. Leaching is especially pronounced during the cold 

season, when downward flow of rain water is strong due to moist soils and uptake of nutrients 

by plants and presumably also microorganisms is low (Bowles et al. 2018). High leaching rates 

can reduce plant growth by the loss of nutrients and furthermore, leaching has long been 

recognized to cause various environmental problems such as soil acidification, loss of soil 

cations, as well as eutrophication of inland, coastal and ground water bodies (Vitousek et al. 

1997). Winter precipitation is also important for the ecosystems´ water balance. Generally, 

winter precipitation plays a crucial role for water uptake of the tree during the growing season 

(Allen et al. 2019). In dry beech populations, higher amounts of winter precipitation can 

enhance water availability and promote tree growth during the early growing season by 

replenishing soil water reserves (Piovesan & Schirome 2000). In regions with saturated soils 

during winter, however, additional soil water recharge as a result of wetter winters likely plays 

a minor role, but the importance may increase in times of climate change when summers get 

drier. 

The relative importance and effect sizes of all these factors that will potentially affect temperate 

broad-leaved forests under climate change remain largely unclear. For sound projections of 

biogeochemical and ecological processes into future it is essential to get deeper insights. 



7

Objectives and outline of the thesis
The goal of this PhD thesis is to advance the understanding of the role of winter in the seasonal 

cycle of temperate broad-leaved forests, with a particular focus on winter precipitation. This 

research aims to contribute valuable knowledge to a currently understudied field and to provide 

a scientific foundation for evaluating the consequences of climate change on ecosystem 

functioning.

Manuscript I and II intend to unveil the importance of wetter winters and its interactions with 

reduced snow cover and altered soil temperatures for European beech forests. The results of a 

large-scale field experiment along a gradient from central to north-eastern populations of 

European beech (Fig. 1) are presented in these manuscripts. The large gradient intended to allow 

general conclusions that are representable for a broad range of beech forest ecosystems. A 

previous research project carried out at the same study sites obtained profound insights on the 

ecosystem effects of reduced snow cover and altered soil temperatures (Weigel et al. 2021). 

Now, the experimental design of the previous study was expanded in order to specifically 

investigate the ecological importance of increased winter precipitation. Snow cover and soil 

temperature were still integrated into the analyses so that winter climate change was investi

gated from a comprehensive perspective. Multiple parameters describing aboveground and 

belowground processes were measured with the aim to adequately unveil the mechanisms 

leading to changes in net ecosystem functioning. 

Manuscript III presents remarkable findings from the same study sites about seasonal 

variability in fine root dynamics. By comparing the seasonal pattern in fine root length of 

European beech, the significance of winter can be placed within a broader seasonal context. 

Research on roots is often associated with fundamental methodological challenges (Freschet et 

al. 2021a). Here, the minirhizotron technique was used and the study also intended to move 

forward some critical questions regarding automated root image analysis. 

Manuscript IV provides the theoretical background for the advantages of gradient-design 

experiments and corresponding analyses, as applied in Manuscript I. In order to provide the 

historical context, the manuscript includes a literature study on the use of gradient versus 

replicated designs. Finally, it suggests a guideline for designing experiments in an appropriate 

and effective way. 
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Methodology

Experimental design in ecological research

Ecological studies can be carried out on different scales, ranging from field observations to 

controlled small-scale experiments (Hairston 1989). Field observations, as applied for 

Manuscript III, involve the monitoring of traits (i.e. fine root length) in their natural 

environments under real-world conditions. While providing valuable realistic context, they 

often lack precise control over variables and explanatory value (Underwood et al. 2000; Sagarin 

& Pauchard 2010). In contrast, small-scale controlled experiments, typically conducted in 

laboratories or greenhouses, enable the isolation of single variables to investigate underlying 

mechanisms in detail (Bonsall & Hassell 2005). Field experiments, as carried out for 

Manuscript I and II, bridge the gap between both by applying specific manipulations (i.e. the 

amount of winter precipitation and snow cover) in the natural environment, allowing to test 

specific hypotheses while maintaining ecological relevance. Field studies along natural 

gradients offer additional explanatory value because they allow for generalizable conclusions 

over larger areas (Whittaker 1967; Fraser et al. 2013).

For the design of experiments (Manuscript IV), which intend to assess the response pattern of 

ecological parameters along environmental gradients, the optimal sampling strategy has 

currently been under debate (Kreyling et al. 2018; Chalcraft 2019). A key point is how a limited 

total number of samples should ideally be allocated to replication versus the number of locations 

along the environmental gradient in order to maximize prediction accuracy of the underlying 

pattern. While replicated design intends to increase the number of replicates at a limited number 

of sampling locations, gradient design intends to maximize the number of sampling locations. 

To evaluate the general importance and implementation of gradient studies in ecological 

research, a literature survey was conducted. As presented in Manuscript IV, researchers have 

predominantly applied replicated design for ecological experiments during the last decades, 

even if the primary goal was to characterize the response pattern of underlying drivers. 

However, artificial data simulations show that gradient design outperforms replicated design 

when the underlying response shape is unknown or complex. Replication can be beneficial in 

gradient studies when the response shapes are simple and known. Also, replicated experiments 

remain the method of choice if the study particularly aims in identifying differences between 

groups (e.g. species). Considering this knowledge, the field studies presented in this thesis were 

set up as a gradient design with one replication per site.
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Study area and design

The study was carried out in European beech forest stands located in the Pleistocene lowlands 

of north-eastern Germany and north-western Poland (Figs. 1, 2). The study sites were 

distributed along a climatic gradient in winter temperatures from central populations to the 

north-eastern distribution margin of European beech (Bolte et al. 2007). This gradient ranges 

from long-term coldest month mean temperatures around 0°C at the western sites near Rostock 

to temperatures close to -4°C at the eastern sites near Gdansk (Fig. 2; Wang et al. 2012; Hamann 

et al. 2013). Thus, the study area includes those parts of Europe that might experience soil 

cooling due to declining snow cover in times of climate change (Brown & Mote 2009). 

Furthermore, the gradient is reflected by the amount of snowfall, which is increasing from west 

to east (Fig. 2). Differences in long-term annual precipitation vary from 520 to 660 mm with 

winter precipitation between 100 and 140 mm (Fig. 2). The gradient well covers the climate 

change projections within large parts of Europe, with warmer sites representing the future of 

colder sites and sites with wetter winters representing the future of drier winters. 

Fig. 1 Native distribution range of European beech (dark grey; Caudullo et al. 2017) and location of the study 

area. Country borders according to Massicotte & South (2023).
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At each site, three mature target trees (threefold replication only at the coldest site) were 

investigated. One tree per site was used for the monitoring of seasonal fine root dynamics 

(Manuscript III) and as a reference for the experiment. The manipulations carried out in the 

gradient experiment aimed in simulating winter climate change as realistic as possible within a 

circle of 5 m radius around each tree (Manuscript I and II, Fig. 3a). One tree per site was 

manipulated by winter rain addition (RS) and another received the same winter rain addition 

but with additional snow exclusion (RnoS). Winter rain addition of 40% slightly exceeded the 

projected increase in precipitation for the next century (Hamann et al. 2013). Since field 

experiments often face some degree of uncertainty due to several uncontrollable factors, and 

furthermore, practical issues limited the number of replicates, the modest excess in rain addition 

should ensure that ecological effects are not overlooked. All experimental manipulations were 

limited to the winter months from mid-November to end of March during the winters 2021/22 

and 2022/23.

Fig. 2 

3

2080s under the RCP 4.5 emission scenario, <climateEU= 4.63
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Fig. 2  Snow fall and winter precipitation sum in the study area according to gridded climate data with reference 

period 195032000 and projections for the 2080s under the RCP 4.5 emission scenario, <climateEU= 4.63. Black 

dots show the study sites. 
Fig. 3 Experimental set up of the field study on winter climate change with three target trees per site (a). The 

experimental manipulations consisted of (RS) winter rain addition with rainwater or melting snow and (RnoS) the 

same winter rain addition but with an additional snow-out shelter around the tree that excluded snow until melting. 

One (Ref) untreated plot at each site was used as a reference. Field pictures provide visual impressions of (b) a 

32 m² rain addition roof as used for RS and RnoS and (c) an 80 m² snow-out shelter as used for RnoS. The water 

from the rain addition roofs was collected in a rain barrel and passively distributed across the plot through a 60-

meter pipe system. In this way, precipitation reaching the target trees was increased by 40%. The snow-out shelter 

was perforated to retain snow while allowing water to penetrate through.

(b) (c)

(a)
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Radial tree growth (Manuscripts I and II) during the entire growing seasons after the winter 

treatments was measured by point dendrometers (<DR=, Ecomatik, Munich, Germany; partly 

replaced by TOMST®, Prague, Czech Republic) at the northern side of the stem.

Root length (Manuscripts I and III) was monitored by minirhizotrons, which provide a non-

destructive method for root monitoring (Freschet et al. 2021a). Six transparent tubes per sample 

tree were permanently installed to the ground. Scans of the tube-soil interface in two to three 

depth levels (15 cm each) were taken by CID-600 root scanners (CID Bio-science Inc., Camas, 

USA). More than 2300 root images were produced for Manuscript I, of which more than 800 

images were used for Manuscript III. Root length density per tube surface area was determined 

with the RootDetector and net growth was calculated by the difference between root lengths of 

two consecutive measurements. The RootDetector is an artificial intelligence specifically 

designed for the detection and segmentation of plant roots (Peters et al. 2023). One of the 

remaining questions was, whether the root detection probability is affected by soil moisture, 

assuming that roots are better recognizable in wet soils than in dry due to better soil-tube 

contact and higher visual contrast between bright roots and the darker soil under wetter 

conditions. Manuscript III includes the results of an experiment which demonstrated that root 

detection probability does not differ with soil moisture. Due to difficulties of distinguishing 

roots and mycorrhiza, one of the eastern sites with many mycorrhizal hyphae on the images 

was excluded from the root survey in Manuscript III. For Manuscript I, only single 

imprecise root images were sorted out instead of excluding the entire site. This allowed to 

maintain the structure of the dataset compared to the other investigated variables.

Nutrient availability (Manuscripts I and II) in the upper soil was analysed by Plant Root 

Simulator probes (PRS® nutrient exchange resin membranes, Western Ag Innovations, 

Saskatoon, Canada). For assessing leaching rates, PRS probes were inserted into the subsoil in 

50 cm depth via previously installed vertical PVC tubes. Since 70% of fine roots occur in the 

upper 30 cm and density is exponentially decreasing with depth (Meier et al. 2018), plant 

nutrient uptake below 50 cm depth is assumed to be negligible.

Litter decomposition (Manuscripts I and II) in the topsoil was determined using standard 

material of fast decomposable Lipton green tea and slowly decomposable rooibos tea. Green 

tea C/N ratio is considered to be similar to beech forest topsoil litter, while red tea C/N ratio is 

similar to fresh beech leaves (Vesterdal et al. 2008; Keuskamp et al. 2013). 
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Winter climate (Manuscript I and II) was characterized by soil temperature and moisture, 

which was monitored by TOMST sensors (TMS-4, TOMST®, Prague, Czech Republic; Wild 

et al. 2019). As upper soils were water saturated during winter, soil moisture was not a suitable 

variable to quantify the water supply. This is why the winter precipitation sum and long-term 

winter precipitation (past 30 years) were additionally calculated using high-resolution gridded 

precipitation data for each study site (40 % for RS and RnoS; Haylock et al. 2008). 

All belowground parameters were assessed during two study years from 2021 to 2023 for the 

treatment winters (November 3 March/April) and again for the period from start of the growing 

season to the state right after growth peaks (March/ April 3 July). In this way, within-season 

effects as well as lagged responses of winter precipitation manipulation could be found 

(Manuscript I and II). The change between July and November (only Manuscript III) 

covered the period from peak season to start of winter. Manuscript I and III based on both 

study years, while Manuscript II covers only the first year. 

Synopsis

Effects of winter climate change on ecosystem functioning

This PhD thesis makes a significant contribution to the understanding of how temperate 

ecosystems are responding to winter climate change, as it was asked for in several recent 

publications (Kreyling 2020; Sutton et al. 2021; Studd et al. 2021; Contosta et al. 2024). The 

gradient experiment, which is presented in Manuscripts I and II, analysed various ecosystem 

processes along gradients of soil temperature and winter precipitation (Manuscript I), that 

were achieved by experimental manipulation as well as natural differences between the study 

sites. One focus of this PhD thesis was put on fine root dynamics. Fine roots play a key role for 

plant functioning and performance, but also in nutrient, carbon and water cycles (Meier et al. 

2019; Freschet et al. 2021b). Fine roots are known to be especially sensitive to environmental 

changes, what makes them a suitable component for climate change research (Radville et al. 

2016). The presented study provides the first evidence that winter conditions influence fine 

roots not only through soil temperatures (Tierney et al. 2001; Weigel et al. 2021), but also 

through the amount of precipitation. Specifically, winter precipitation stimulated a positive 

short-term effect of soil warming on net fine root growth within winter. Considering the inter

action between precipitation and soil temperature, it is crucial to take a closer look on the 



14

changes in soil temperatures in order to estimate future effects of wetter winters on winter root 

dynamics in European beech forests. In central parts of their distribution range future 

projections suggest that soil temperatures will rise. In this case, wetter winters would additional

ly promote root growth, enabling trees to start with higher fine root length into the growing 

season. Within the cold parts of the species´ distribution range, where soil temperatures are 

predicted to decrease in response to missing snow insulation (Groffman et al. 2001; Kreyling 

& Henry 2011), wetter winters will further reduce net fine root growth. Winter precipitation 

had no effect on early summer net fine root growth and also, no effect of long-term winter 

precipitation was observed. 

In contrast, aboveground growth was promoted by long-term winter precipitation, likely driven 

by a recharge of deeper water reservoirs during winter. Radial tree growth increased 

exponentially by 2.7% relatively to its actual value per mm long-term winter precipitation, what 

corresponds to 45 µm yr-1 mm-1 at intermediate growth rates. Previous studies have highlighted 

the crucial importance of winter precipitation for beech. The tree´s water uptake during the 

growing season largely originates from winter precipitation, especially during dry summers 

(Goldsmith et al. 2022). If sufficient summer precipitation is available, this can be also used by 

beech (Brinkmann et al. 2019) although winter precipitation from deeper soil horizons is still 

playing an important role (Allen et al. 2019). Interestingly, the results of the gradient 

experiment reveal that tree growth was more related to long-term winter precipitation than to 

long-term summer precipitation or annual precipitation at the sites, confirming the crucial 

importance of soil water recharge during winter. However, the treatment winters had no short-

term effect on the single subsequent growing season, what points out that tree growth apparently 

adjusts to the multi-year average conditions. As shown before (Ogle et al. 2015; Jiang et al. 

2019), soil water carryover from the previous wet year is not necessarily the major contributor 

to the enhanced growth. Instead, wet years can have substantial legacy effects of 1 to 5 years 

on primary production. This could be the reason why growth rates were best explained by long-

term winter precipitation rather than the by the conditions during the single winter before the 

growing season. However, methodological constraints may have also played a role here. 

Despite the large-scale water treatment of 40% more water on 80 m² around each target tree, it 

is possible that belowground water redistribution during winter and spring reduced the effect 

of the winter precipitation manipulation on summer water availability. Horizontal water 

movement through the soil can amount to several centimeters to decimeters per day (Eckelmann 

et al. 2005). In the experiment, rainwater was collected at a distance of 7 to 15 meters from the 

target tree and then redirected to the plot. At the stand level, this treatment did not affect the 



15

amount of water supply. For manipulation of water availability on a larger scale, the only 

solution would be to extend the experiment to the landscape scale.

could at least partially compensate for drier summers by recharging 

deep soil water storages in large parts of the wet and cold distribution range of European beech, 

but also in nowadays still drier populations, that are experiencing wetter winters in the future. 

The extent of this compensatory effect, however, remains largely unclear. It seems that wet 

years summer droughts in wet angiosperm forests, this 

effect seems to be more pronounced . 

way flow in the tree’s xylem moves water from roots 

Biogeochemical cycling will also change with altered winter precipitation and soil temperatures 

regimes in the future (Manuscripts I and II). Winter decomposition rates in the experiment 

increased not only with increasing soil temperature (both high- and low-quality litter), but also 

with increasing precipitation (only high-quality litter). Most interestingly, changes in the 

decomposition rates during the subsequent early summer suggest a microbial community shift 

in response to wetter winters. This effect was already confirmed for changing winter tempera

tures (Dahl et al. 2023) and seems to be true for winter precipitation as well (Manuscript I). 

Manuscript II, however, did not find any treatment effects on decomposition, what is assumed 

to be related to the lower number of replicates from only the first study year and to the statistical 

approach (compare Manuscript IV). Treatment comparison in Manuscript II was useful for 
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comparing additional nutrient deposition and additional leaching of wetter winters compared to 

current conditions (see next paragraph). However, gradient analyses along the environmental 

drivers, as applied in Manuscript I, were able to include more information about variability 

among sites into the model, what increased the probability of detecting significant effects. 

The results of nutrient analyses suggest an increase in topsoil nitrate and sulfate availability 

during wetter winters, likely as a consequence of collecting more atmospheric deposition 

(Manuscript I and II). The increase in deposition, though, might be slowed down by a limited 

amount of nutrients in the atmosphere (Hole et al. 2008). A precipitation shift from snow to 

rain can also counteract the increase in deposition rates, because of a lower scavenging 

efficiency of rain (Murray et al. 2022). However, if the net effect is an increase in nutrient input, 

nutrient leaching rates will also increase under higher winter precipitation (Manuscript II). 
Notably, more than 80% of additionally available nutrients were leached within the same 

experimental winter. Additional nutrients are thus not available for plant growth during the 

subsequent growing season. Instead, high leaching rates would increase the risk of soil and 

surface water acidification as well as ground water pollution (Vitousek et al. 1997). The 

observed changes in biogeochemical cycling may have short-term as well as legacy effects on 

primary production, which are difficult to estimate. General negative consequences on primary 

production due to nutrient loss via leaching (Bowles et al. 2018), though, were not confirmed 

by the rain addition experiment. Instead, the positive precipitation effect on winter net root 

growth is assumed to originate mainly from changes in the biogeochemistry, because water 

availability was not directly influenced due to saturated conditions. 

The importance of winter in the seasonal context

While Manuscripts I and II used experimental manipulations to encounter driving forces of 

winter climate change, Manuscript III reports a monitoring study that aimed to analyse 

belowground growth more generally and across seasons. The study unveils surprising patterns 

of seasonal fine root dynamics. These findings are relevant for placing the observed effects of 

winter climate change in a broader seasonal context. 

Specifically, fine root length (here defined as fine root length per area tube surface) was 40% 

higher at the beginning of winter and 51% higher at the end of winter than in mid-summer. The 

fine root length neither decreased nor significantly increased over winter, meaning that growth 

and decay rates stayed in balance. Root mortality was probably low due to mild temperatures 

and almost no soil frost during the monitored winters. It is possible that root growth happened 
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during winter (Resa 1877), but the minirhizotron method did not allow for quantification of the 

turnover. During the early growing season, root length decreased at all study sites. The net root 

loss happened presumably due to drought, because early summer precipitation was about 35% 

below the long-term average during the study years. How tree roots react to drought stress is 

generally not well understood. Both reductions in root biomass (Meier & Leuschner 2008) and 

increased root growth to access new water resources (Hertel et al. 2013) have been observed in 

beech. Here, the drastic decrease in root length combined with a lack of a trend towards deeper 

root growth during dry periods may indicate a high vulnerability to the dry conditions. 

However, the early season root loss was compensated quickly during more favourable 

conditions in autumn. This high seasonal variability can be interpreted as a strong potential to 

adapt to changing conditions. 

The results on root length seasonality suggests that summer water availability played a crucial 

role for the trees. The positive effect of winter precipitation on tree growth, which is presented 

in Manuscript I, points in the same direction. Apparently, early summer rather than winter was 

the most critical period of the year. It is likely that such strong reductions in summer fine root 

length will in turn reduce aboveground growth, because of reduced nutrient uptake and high 

carbon demand for compensatory growth. In terms of climate change, it is a worrying signal 

that winter precipitation cannot support net fine root growth . As 

explained above, fine roots in the upper soil apparently have no opportunity to access winter 

precipitation reservoirs in deeper layers during summer. In regions with warming soils, wetter 

winters may 

The importance of summer droughts has been shown to fade out towards the north-eastern 

distribution margin based on historical tree ring analysis (Weigel et al. 2018). Instead, winter 

temperatures have been the key challenge for the tree and have been suggested to restrict an 

extension of the European beech cold distribution margin (Weigel et al. 2018). The new results 

indicate that even at the north-eastern distribution margin, the role of summer in the future 

should not be underestimated. The relative importance of summer versus winter, however, is 

assumed to be different in years with colder winter air temperatures and colder soil The 

presented study only covered a soil temperature gradient starting from the freezing point to 
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above-zero temperatures. 

However, during the past three winters (from November 2021 until April 2024) 

and previous studies during winter 2016/17 (Weigel et al. 2021), almost no soil frost occurred 

in 6 cm depth along the field sites despite temporary low air temperatures (e.g. 12 consecutive 

days below the freezing point with minimum temperatures of -14°C). Lowest soil temperatures 

were observed at places with a thin leaf layer. Reduced soil insulation as a result of less snowfall 

seems to be mitigated considerably by the leaf litter, especially during early winter when 

autumn leaves are not yet decomposed. Additionally, soils retain heat from the summer and 

require time to cool down. Compared to boreal ecosystems, the probability of soil frost is thus 

quite low in temperate broad-leaved forests, although it is increasing with proceeding winter. 

Reliable projections for future soil temperatures are required to predict the likelihood of soil 

frost in temperate broad-leaved forests and to assess how important such events will be for the 

forest ecosystem in the future.

Research perspectives

The PhD thesis aimed to estimate changes in ecosystem functioning in response to shifts in 

winter precipitation along a gradient from warmer regions with long-term mean coldest month 

temperatures around 0°C to colder sites with less than -3°C. The project´s timeframe covered 

two experimental winters and both were warmer than usual, with relatively small differences 

across sites. The covered temperature gradient is therefore not representable for the entire inter-

annual climatic variability of the sites. Even though such mild winters could be the normal case 

in the future, single winters with extremely cold periods might have crucial implications for 

trees performance and survival. In order to cover a longer temperature gradient that includes 

soil frost events, more experimental winters would be beneficial. Long-term studies would also 

allow to capture lagged effects of the treatments. 

Furthermore, the quantification to which extend winter precipitation can compensate impacts 

of summer climate change provides a large field for further research. For example, a similar 

field experiment as presented in this study could be carried out, along a gradient in winter 

temperatures and with treatments that reduce summer precipitation. This would allow to 

directly compare relative effect sizes such as growth increases per mm long-term winter 
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precipitation versus growth decrease per mm summer precipitation. If the sensitivity of 

ecological parameters (e.g. growth) to summer water availability differs between different 

amounts of long-term winter precipitation, this would provide a reliable foundation to assess 

how much winter precipitation can compensate for such summer droughts. Studies about 

seasonal water origins used by trees point to the direction that trees use more winter 

precipitation in drier regions (Goldsmith et al. 2022). It can be assumed that this is reflected in 

the sensitivity of growth to winter precipitation, but experimental evidence is not available so 

far. It has also been observed that species with deeper rooting system such as oak and beech 

use more winter precipitation than species with a shallow root system such as spruce (Allen et 

al. 2019) and are less vulnerable to summer drought (Kahmen et al. 2022). The importance of 

winter precipitation and the extent to which it can compensate for summer droughts is thus 

expected to differ between species, but experimental evidence is not available so far. This 

hypothesis could be tested by performing field experiments across different forest habitats. 

Differences would indicate shifts in the competitive dynamics between tree species under future 

climate change.

The strength of the gradient design is that the results are representable for mature forests stands 

within a large geographic region, in this case the north-eastern distribution range of European 

beech. The results show that the observed effects and patterns are similar across the observed 

gradient, what confirms results of a previous study (Weigel et al. 2021). However, the large 

spatial distances cause logistic constraints, limiting the number of replicates and number of 

measurements that can be realised per year. For certain research questions it would be useful to 

concentrate on single sites, but increase the temporal resolution. Root monitoring, for instance, 

would benefit considerably from smaller measurement intervals (compare Mainiero et al. 2010; 

Withington et al. 2020). Root monitoring could further be improved by advancing automatic 

root image analysis. Once model accuracy for forest soils is high enough, root turnover could 

be estimated by overlaying two consecutive images and examining the growth of new roots and 

the disappearance of old roots from one picture to the next (Gillert et al. 2023). For further 

interpretation of the data, it would finally be highly beneficial to back up the results with 

destructive methods such as soil cores or ingrowth-cores. For instance, the minirhizotron 

method could not determine whether parts of the root loss observed during early summer 

originated from roots that already died off during winter but were decomposed later. Destructive 

methods would allow for a better differentiation between alive and dead but not yet decomposed 

roots.
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Conclusion

Winter is changing faster than every other season in the temperate, boreal and arctic zone in 

response to climate change, with strongest implications for the temperate zone, where 

temperatures are crossing the threshold of 0°C. These changes have emphasized the need for a 

better understanding of the importance of winter for ecosystem functioning. Therefore, this PhD 

thesis aimed to enhance the knowledge about the role of winter for north-eastern European 

beech forests. The strength of this study is the realistic manipulation of winter climate change 

in the natural environment. The valuable results of the large-scale field study may inspire 

researchers across ecological disciplines to adopt similar approaches and experimental designs. 

Notably, the research could show that climate variables often interact with one another and that 

previously known effects of soil temperature in turn depend on the amount of precipitation. 

Winter climate change alters several processes within the same season, especially belowground, 

but it might have even more important implications on the subsequent growing season and in 

the long-term. The effects vary across the investigated parameters, highlighting the complexity 

of how winter climate change will impact ecosystems. 

Overall, European beech forests could benefit from higher winter precipitation and higher 

winter soil temperatures in large parts of their north-eastern distribution range. Primary 

production, whose response to changing winter conditions has long been debated, may increase 

both belowground and aboveground under wetter and warmer conditions, despite differing 

driving forces and seasonal contexts. Aboveground growth profits from long-term winter 

precipitation and net fine root growth during winter is promoted by soil warming under wetter 

conditions. However, soil cooling as a consequence of decreasing snow insulation is still a risk 

factor in cold-temperate forests, particularly during wetter future winters. Furthermore, the fine 

root system is vulnerable to unfavourable conditions during early summer, even at the north-

eastern distribution margin, and does not benefit from winter precipitation during this period of 

the year. A drastic decrease in fine root length and a lack of a trend towards deeper root growth 

over the dry periods of the year indicate that summer droughts may play a larger role at the 

north-eastern distribution margin of beech than previously assumed. The high variability in root 

dynamics including quick compensatory growth after periods of fine root loss, though, could 

be interpreted as a high potential to adapt to changing conditions. Although nutrient concen

tration seem not to change strongly during the growing season, alterations in microbial activity 

introduce further uncertainties to the overall consequences of winter climate change. Here, the 

experimental results again revealed complex and partly interacting short-term and lagged 
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effects of winter precipitation and soil temperatures, which may involve feedback mechanisms 

on primary production, that are difficult to estimate.

In conclusion, the results indicate that it is crucial to consider winter precipitation for modelling 

ecosystem processes in times of climate change, not only due to a shift from snow to rain, but 

also because the total amount of precipitation is increasing. The study identified a number of 

mechanisms that might mitigate the negative consequences of climate change, such as the 

positive implications of winter precipitation for tree growth and winter net root growth. 

However, winter soil cooling in cold-temperate regions and limited water availability during 

dry summers remain fundamental challenges. These findings are representable for large parts 

of the north-eastern distribution range of European beech.
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Winters are predicted to get wetter in large parts of the temperate zone over the next century. 

In addition, warmer temperatures will shift winter precipitation from snow towards rain, thereby 

reducing soil insulation. In order to better understand the effect of altered winter precipitation 

on temperate forest ecosystems, we conducted a factorial snow exclusion and rain addition 

experiment in 11 European beech forests distributed over the species´ north-eastern distribution 

range. We investigated various ecosystem processes along gradients of winter precipitation and 

soil temperature, achieved by both natural differences between sites and experimental 

manipulation. 

For belowground growth, we provide the first evidence that winter conditions influence roots 

not only through soil temperatures, but also through amount of precipitation. The positive effect 

of warmer soils on net fine root growth was stronger under wetter winter conditions. For 

aboveground growth, long-term average winter precipitation was most influential. Radial 

growth increased by 2.7% per mm of long-term precipitation, likely due to deep soil water 

recharge, facilitating growth during dry periods. Biogeochemical cycling was also affected by 

winter climate with potential feedbacks on primary production. Specifically, NO3-N and SO4-S 

concentrations increased in response to wetter winters, but this effect did not persist into the 

growing season. Furthermore, winter decomposition of organic material with low C:N ratio 

increased by 2% per 100 mm of winter precipitation. Prolonged changes in the decomposition 

rates into the subsequent early summer suggest a microbial community shift in response to 

wetter winters. Our results provide compelling evidence that winter precipitation plays a key 

role in ecological processes of European beech forests. Wetter winters may increase the ability 

of European beech to cope with climate change, especially by buffering the impact of summer 

droughts and by supporting root growth if soils get warmer.
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Introduction

Climate models consistently project increases in air temperatures for central and northern 

Europe over the next decades, with warming in winter exceeding warming in all other seasons. 

Higher temperatures are accompanied by a decrease in spring and summer precipitation, while 

the amount of winter precipitation is expected to increase (IPCC 2021; Trnka et al. 2022). As 

a consequence, temperate forests are expected to cross important thresholds in winter 

temperature and precipitation that lead to significant ecological changes (Contosta et al. 2024). 

The number of days below the freezing point will decrease dramatically, shifting winter 

precipitation from snow towards rain. In addition, increased climate variability increases the 

probability of melting events if a snow cover has developed (IPCC 2021; Trnka et al. 2022; 

Contosta et al. 2024). As a missing snow cover decreases insulation of the soil (Groffman et al. 

2001), mean soil temperatures in historically snowy regions decrease and the risk of soil frost 

events increases despite of rising air temperatures. Regions where snow has been playing a 

minor role, however, will experience warmer soils (Kreyling & Henry 2011). The combined 

effects of increased winter precipitation and altered soil temperatures on temperate ecosystem 

functioning have not yet been investigated. 

Generally, several studies highlight the crucial importance of winter precipitation for soil water 

recharge in temperate forests. In southern populations of European beech (Fagus sylvatica L.), 

summer precipitation is the most important factor potentially limiting aboveground growth as 

well as fine root growth and survival rates. Here, soil water recharge during winter can counter

balance periods of less water supply during summer (Piovesan & Schirone 2000). Exceptional 

summer drought events can also restrict primary production in central and northern populations 

of European beech (Meier & Leuschner 2008; Scharnweber et al. 2011). There, upper soils are 

water-saturated during winter and do not provide additional soil water storage capacity (Ritter 

& Vesterdal 2006; Garthen et al. 2024). Yet, the seeping water may recharge deeper soil layers, 

that are also accessible by deep roots of beech reaching down to more than 2 m depth (Meier et 

al. 2018). As outlined by Scharnweber et al. (2020), winter soil water recharge in beech forests 

of north-east Germany is especially important after dry summers and may be assigned a crucial 

role in future if precipitation shifts from summer to winter. In a field study in Switzerland (Allen 

et al. 2019), isotope discrimination analysis showed that beech predominantly uses winter 

precipitation to sustain growth during summer. Annual precipitation amounts impose the main 

control on the seasonal origin of water used by plants. Trees make greater use of winter 

precipitation in drier regions and drier years, potentially reducing their vulnerability to summer 

droughts (Goldsmith et al. 2022). Interestingly, in very moist areas of more than 2000 mm 
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annual precipitation, where sufficient summer precipitation is present, still a larger proportion 

of water taken up by plants originates from winter precipitation rather than summer 

precipitation (Allen et al. 2019). These findings underline the crucial importance of winter 

precipitation on European beech forests.

While water availability during summer is the most important growth determining factor in 

southern and central European beech forests, winter temperatures get more important towards 

the northern and north-eastern distribution range (Bolte et al. 2007; Weigel et al. 2018). 

Aboveground plant tissues are highly resistant against frost events during the dormant period, 

but late frost events during spring, that are predicted to increase with climate change, can cause 

severe growth reductions during the following season (Príncipe et al. 2017). A very sensitive 

component of European beech forests, however, is the fine root system, particularly in the 

context of decreased snowfall. Generally, fine root growth is possible throughout the entire 

year, but growth rates usually decline with decreasing temperatures and cease if temperatures 

drop below 2.5°C (Schenker et al. 2014). As the vast majority of fine roots is located in the 

uppermost soil layer, they are especially susceptible to soil frost. Even mild soil frost can cause 

a significantly increased fine root mortality or sub-lethal root damage (Tierney et al. 2001). The 

amount of root loss is positively correlated with frost intensity and duration (Reinmann & 

Templer 2018). Reductions in fine root biomass in turn can result in a decrease of nutrient 

uptake capacity during the early growing season as well as in increased belowground carbon 

allocation to enable compensatory root growth. This results in reduced aboveground primary 

production during the following season (Pederson et al. 2004; Campbell et al. 2014). In line 

with this observation, Weigel et al. (2021) found reduced root growth after winters with colder 

soils followed by reduced tree growth during the subsequent growing season. 

Summarizing the current state of knowledge on the effects of winter climate change on 

temperate forest primary production, two main opposing trends can be identified: (1) an 

increase in precipitation potentially favors growth and (2) a decrease in soil temperatures due 

to missing snow cover likely hampers growth, especially at the cold distribution edge of tree 

species ranges. It is unclear, however, how these two processes interact, which of them will 

dominate in the future, and whether effects will differ regionally.

Beyond the above-mentioned direct effects on primary production, wetter and warmer winters 

are expected to influence nutrient concentrations and biogeochemical cycling, which in turn 

may affect growth as well. Increased winter precipitation has been shown to enhance nutrient 

availability most likely via atmospheric deposition (Garthen et al. 2024). Nitrogen (NO3-N and 

NH4-N) and sulphur (mainly SO4-S) are especially susceptible for deposition. It should be noted 
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that the amount of deposition does not increase linearly with precipitation, instead the ion 

scavenging rate reduces with increasing precipitation (Nadim et al. 2003; Hole et al. 2008). 

Also, if precipitation shifts from snow to rain, this will have a weakening effect on deposition, 

because snow is more effective in ion scavenging than rain (Murray et al. 2022). Water 

saturated soils during winter will cause additional rain water to seep through immediately, 

thereby increasing leaching rates. Major amounts of the additionally available nutrients in 

response to winter rains are leached out before the growing season starts and thus do not benefit 

plant growth (Garthen et al. 2024). If soil frosts reduce alive root biomass, this can additionally 

increase leaching rates during the subsequent growing season because of reduced plant uptake 

(Campbell et al. 2014). The altered nutrient concentrations may in turn also affect microbial 

activity and decomposition. Increased levels of N deposition can either suppress or promote 

decomposition, depending on ecosystem, species, litter quality and amount of N addition (Knorr 

et al. 2005; Yan et al. 2020). In temperate beech forests, decomposition rates were reduced after 

experimental N and S addition (Růžek et al. 2021). However, winter rain addition accompanied 

by increased deposition did not show any short-term effect on decomposition rates (Garthen et 

al. 2024). 

Additionally, biogeochemical processes are expected to be considerably affected by a decreased 

snow cover and altered soil temperatures. Colder soil temperatures influence microbial activity, 

slowing down metabolic rates and decreasing the rate of litter decomposition (Schimel et al. 

2004; Weigel et al. 2021). Also, microbial community composition is strongly linked to soil 

temperatures in forests (Dahl et al. 2023), shrubs and grasslands (Dahl et al. 2021). Changes in 

the microbiome may in turn affect nutrient dynamics such as nitrification and denitrification 

and may finally influence tree growth as well (Dahl et al. 2023). 

In many Central European countries, European beech dominates the natural forests (Leuschner 

& Ellenberg 2017). In order to estimate ecological consequences of climate change, it is 

important to get a better understanding of the species´ performance and ecosystem functioning 

in response to warmer and wetter winters. In this study, we performed a largescale field 

experiment in European beech forests along a climatic gradient (Δ mean winter temperature > 

3.0 K) between warmer sites near Rostock in Germany and colder sites close to Gdansk in 

Poland. This gradient represents large parts of the natural vegetation across Europe. At eleven 

study sites, we simulated winter climate change by adding precipitation and excluding snow, 

or only by adding precipitation. Aboveground and belowground primary production of mature 

trees as well as biogeochemical processes such as nutrient availability and decomposition were 

analysed along gradients of winter precipitation sum and soil temperature. We hypothesised 
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that (1a) wetter winters increase fine root growth and aboveground growth by adding more 

water and nutrients to the system. At the same time, (1b) colder soils are expected to reduce 

fine root growth and in turn negatively affect aboveground growth during the following 

growing season. We further hypothesised that (2) wetter winters and colder soils alter 

biogeochemical cycling. While the latter may also have potential feedbacks on growth rates, 

the overall effect on primary production is unclear so far.

Methods

Study sites

The study was conducted in eleven temperate deciduous forest stands located in the Pleistocene 

lowlands of north-east Germany and north-west Poland (Weigel et al. 2021) and dominated by 

mature European beech. The sites were distributed along a climatic gradient of 500 km with 

decreasing winter temperatures from west to east (Fig. 1), covering populations from the spe

cies´ central to the north‐eastern distribution margin (Bolte et al. 2007). Long-term means of 

the coldest month temperatures are close to 0°C at the western sites, while eastern sites experi

ence colder winters with coldest month temperatures below -3°C (1991 - 2020; E-OBS version 

pre1950 with 0.25° x 0.25° spatial resolution; Haylock et al. 2008). While the gradient covers 

a large part of the temperature range of European beech, differences in precipitation were rather 

small. Long-term annual precipitation ranged from 520 to 650 mm with higher values for sites 

that were close to the Baltic Sea (Haylock et al. 2008). Long-term winter precipitation 

(December 3 February) ranged from 104 to 144 mm (Haylock et al. 2008), with infrequent 

snowfall at the western sites and increasing snow cover towards the east. Average annual 

maximum snow depth ranges from 8 to 10 cm across the seven warmest sites and increases 

towards 14 to 17 cm at the coldest sites (satellite data from Copernicus Climate Change Service 

2019). The study winters were warmer than long-term means, mean coldest month air 

temperatures ranged from 1.8°C to -1.3°C in winter 2021/22 and from 1.0°C to -0.6°C in winter 

2022/23. While the winter precipitation sum was in the range of long-term averages, the amount 

of snowfall was lower. During winter 2021/22, the soil was covered by snow for 7 days with 

up to 5 cm snow depth at the western sites and for approximately 30 days with maximum 15 

cm depth at the eastern sites. During winter 2022/23, there was almost no snow at the western 

sites and 45 days with a snow depth around 5 cm at the eastern sites. The soil type at all sites 

was sandy Cambisol with soil texture from sandy silt to silty sand (Weigel et al. 2021). 
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For the selection of target trees, a dendrochronological pre-study was carried out to identify 

three mature beech trees that best represented the growing conditions at each site (Weigel et al. 

2018). Tree diameters ranged from 37 to 52 cm, heights from 27 to 39 m and age from 76 to 

167 years . The gradient design as 

well as different tree ages across sites allow for general results representing a large range of 

mature beech forest ecosystems at their north-eastern distribution range. When setting up the 

experimental plots, each plot was centred around a single target tree with a radius of 5 m (80 

m2), thereby capturing about 95% of the tree´s fine roots (Jurasinski et al. 2012). The single 

plots were fenced to avoid destruction of scientific material by larger animals. The experiment 

was set up as a gradient design with one replication per site (Kreyling et al. 2018), except for 

the coldest site (KA) with a threefold replication. Despite of little spatial distance, slope and 

microclimate varied between the KA replicates, so that we decided to treat them as separate 

sites in the statistical analysis. The experimental manipulations consisted of (1) winter rain 

addition with rainwater or melting snow (RS) and (2) the same winter rain addition but with a 

roof that excluded snow until melting (RnoS). One (3) untreated plot at each site was used as a 

reference (Ref). For RS and RnoS, one 32 m2 wooden roof per target tree (equivalent to +40% 

Fig. 1. Climate warming in northeastern Germany and northwestern Poland is strongest in winter and is 

projected to result in warmer and wetter winters with less precipitation as snow. Climate data according to 

gridded climate data with reference period 195032000 and the 2080s under the RCP 4.5 emission scenario, 

<climateEU= 4.63 (Wang et al. 2012; Hamann et al. 2013). Anomaly = future minus current climate.
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surface area of the experimental plot) with a plastic cover on top (0.2 mm-thick, 

UVtransmissible 88Lumisol clear99; Hermann Meyer KG, Rellingen, Germany) was constructed 

next to the plot in order to achieve the rain addition treatment. The captured water was collected 

in a 200-liter rain barrel and gravity-distributed within the plot through an irrigation system 

consisting of 60 m porous pipe (16 mm diameter, Hermann Meyer KG, Rellingen, Germany), 

evenly arranged within the plot. Snow exclusion for RnoS was achieved with a snow-out shelter 

over the entire experimental plot of 80 m2, made of the same transparent cover as the rain 

collection roofs fixed on a 1.5 m high wooden construction. Here, however, the cover was 

perforated in order to retain snow but allow rainwater and melt water to reach the forest floor 

(a visual impression of the experimental setup is provided in Fig. A1). All experimental 

manipulations were limited to the winter months from mid-November to end of March during 

the winters 2021/22 and 2022/23. 

Response variables

The aboveground growth response was quantified by point dendrometers (<DR=, Ecomatik, 

Munich, Germany with analog data logger <HOBO UX1203006M=, Onset Computer 

Corporation, Bourne, USA or TOMST®, Prague, Czech Republic) measuring stem increment 

of the target tree at the northern side in 4 m height. To assess the belowground growth response, 

six minirhizotron tubes (diameter 70 mm) per plot were installed in 2016, evenly distributed 

around the tree and at a distance of two to three meters from the trunk. Of these, three tubes 

covered the upper 30 cm depth with two root images and three tubes reached down to 45 cm 

displayed by three images. Root scans of 216 x 196 mm were taken by CID-600 root scanners 

(CID Bio-science Inc., Camas, USA) at a resolution of 300 dpi. Scanning took place between 

November 2021 and July 2023 with one measurement at the start of the experimental winter 

treatment (beginning of November), one at the end of the treatment (end of March) and one 

measurement during the subsequent summer (end of June/ beginning of July), i.e. a total of six 

measurement dates over the two study years. Root length per scan was assessed using the 

RootDetector, a convolutional neural network (CNN) developed for the automatic detection and 

segmentation of plant roots in minirhizotron images (Peters et al. 2023). RootDetector employs 

a U-Net architecture and achieves an F1 score of 0.51 on a validation set of 24 manually 

annotated images for the given dataset. The F1 score, ranging from 0 to 1, reflects the harmonic 

mean between precision and recall and is commonly used to evaluate performance of machine 

learning models. Additionally, Peters et al. (2023) demonstrated that RootDetector enables 
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precise total root length estimations (r² = 0.99 compared to experts assessment) by utilizing a 

secondary skeletonization algorithm and determining root length as suggested by Kimura et al. 

(1999). Here, root length density was expressed as mm Kimura root length per cm2 of scanned 

area and seasonal root growth was calculated by the difference between root length densities 

from two consecutive measurements. 

Three equally distributed measurement points per plot were set up in 2 m distance to the target 

tree and at maximum 10 cm distance to an irrigation tube for assessment of nutrient conditions 

and decomposition. At each of these points, a TMS-4 data logger (TOMST®, Prague, Czech 

Republic) was installed for measurement of soil moisture in the upper 12 cm and soil 

temperature in 6 cm depth (Wild et al. 2019). 

Litter decomposition rates and nutrient conditions were assessed during the winter treatment 

period and repeated for subsequent summer (April to July) in order to evaluate the effect of 

winter climate on the early growing season. Decomposition was quantified using fast 

decomposable green tea, which is similar to topsoil litter and slowly decomposable red 

(rooibos) tea similar to fresh beech leaves (Vesterdal et al. 2008; Keuskamp et al. 2013). Two 

bags of each green and red tea were buried at a depth of 8 cm at each measurement point and 

only undamaged bags were used for further analyses. Nutrient availability was measured by 

Plant Root Simulator (PRS) probes (Western Ag Innovations, Saskatoon, Canada) with 4 anion 

and 4 cation probes per plot, which were inserted vertically into the topsoil at each measurement 

point and later combined to one sample for further analysis. PRS results were checked for 

membrane overloading, but the thresholds provided by Western Ag were not reached. Still, 

exceptionally high values were excluded before statistical analysis, as they were considered to 

be the result of single unrepresentative small scale nutrient hotspots (four data points of NO3-N 

exceeding 200 µg N/10cm² membrane surface, two data points of NH4-N exceeding 60 µg N/10 

cm² membrane surface).

Finally, snow monitoring was carried out using a trail camera taking 3 pictures at pre-set times 

per day (Raptor, SECACAM, Köln) and the functionality of the rain addition treatment was 

proven by burying three canisters per plot below the irrigation tube and collecting all rain water 

that came out of 15 cm tube.
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Statistics

All statistical analyses were performed using the Software R 4.4.0. (R Core Team 2024) and 

additional packages listed in the appendix (Table A.1). 

Raw data of stem increment recorded by the dendrometers for 2022 and 2023 were fitted to a 

sigmoid Gompertz model. The mean stem diameter during winter was used as base, so that the 

asymptote of the regression line indicated radial growth.

Soil moisture in the upper soil was at field capacity during winter and thus not affected by the 

rain addition treatment (Garthen et al. 2024). Instead of soil moisture, we calculated water input 

based on gridded precipitation data of E-OBS version <pre1950= with 0.25° x 0.25° spatial 

resolution for each study site (Haylock et al. 2008). For Ref, we used precipitation during the 

winter months as a measure for water input to the plot. For RS and RnoS, we added 40% to this 

precipitation value, in line with the size of the rain addition roof compared to the plot surface. 

Regarding soil temperature during winter seasons 2021/22 and 2022/23, the data of the TOMST 

loggers were used for calculating mean soil temperature during the months December, January 

and February, mean soil temperature of the coldest month and absolute minimum temperature. 

In addition, long-term winter precipitation and long-term winter air temperature between 1991 

and 2020 were determined (Haylock et al. 2008). 

To test for treatment effects on average soil moisture and on soil mean/ minimum/ coldest month 

temperature during winter, ANOVAs were applied for linear mixed-effect models with 

treatment (RS, RnoS, Ref) as fixed effect and study year as well as plot nested in site as random 

effects, thereby accounting for the spatial and temporal dependencies in the data (Table 1, ll. 

1+2). In order to test for effects of the winter climate on the response parameters, linear mixed 

effect models were applied. The explanatory variables characterizing winter climate 

(precipitation, mean/minimum/coldest month mean soil temperatures, long-term precipitation 

and long-term mean air temperature) were standardised to z-scores, thereby ensuring 

comparability across variables. Standardised variables were checked for correlation and long-

term winter air temperature was not included in the model because of high correlation with soil 

temperatures (r > 0.85, all other correlations |r| < 0.5). For each response variable, a standardised 

procedure for model selection and simplification was conducted based on the Akaike 

Information Criterion corrected for small sample sizes (AICc). We started with a global model 

including winter precipitation, mean winter soil temperature and their interaction as well as 

long-term winter precipitation as fixed effects. The model was calculated separately for winter 

soil temperature, minimum temperature and coldest month temperature. The best model was 

chosen for further analysis (for complete list of tested models and AICc results see Table A.2). 
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Finally, it was tested whether the long-term winter precipitation improved the model and if not, 

it was removed. Significant effects were determined by the summary of the final model and 

conditional and marginal R² were used to assess the proportion of variance explained by the 

model.

For the mixed model formulation, site as well as plot (only decomposition and root growth) and 

tube/depth (only root growth) were considered as random effects to account for the additional 

nesting in these variables. Also, the study year was added as random effect (first study year 

includes start of winter 2021, end of winter 2022, summer 2022 and the second study year the 

same for 2022/23). For each model, we plotted q3q plots and residual versus fitted plots to 

graphically test the assumptions of normality and homogeneity of variance of the residuals. 

Data were transformed if the assumptions were not fullfilled (Table 1). The effects of winter 

climate were determined for winter and summer separately, except for aboveground growth, 

where the entire stem increment during the growing seasons subsequent to the treatment winters 

were used. The final models used for analysis are displayed in Table 1. For model visualization, 

the variable on the x-axis and interacting variables were back-standardised to original values in 

order to increase the informational value of the figures. To calculate effect sizes (i.e., the change 

in the dependent variable per unit of precipitation or temperature), the regression coefficient 

was back-standardised by dividing it by the standard deviation of the respective dependent 

variable. For models involving log-transformation, the back-standardised effect size was further 

exponentiated to interpret the results on the original scale. The raw data and statistical analyses 

are available in a data repository (Garthen et al. 2025).
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Table 1 Formulation of the final linear mixed effect models for each single response variable and season. 

Treatment = winter precipitation treatment (RS, RnoS, Ref).

Response variable Transformation Fixed effects Random effects
Soil moisture square Treatment (1|Year) + 

(1| Site/Treatment)
Soil temperature 
(mean/ min/ coldest 
month)

- Treatment (1|Year) + 
(1| Site/Treatment)

Radial tree growth log Precipitation * 
Coldest month soil temperature + 
Long-term winter precipitation

(1 | Year) +
(1 | Site)

Winter root growth rank Precipitation * 
Minimum soil temperature + 
Long-term winter precipitation

(1 | Year) +
(1 | Site/Treatment/Tube) +
(1 | Depth)

Summer root 
growth

rank Precipitation * 
Mean soil temperature + 
Long-term winter precipitation

(1 | Year) +
(1 | Site/Treatment/Tube) +
(1 | Depth)

Winter green tea 
decomposition

- Precipitation * 
Mean soil temperature

(1 | Year) +
(1| Site/Treatment)

Summer green tea 
decomposition

- Precipitation * 
Mean soil temperature

(1 | Year) +
(1| Site/Treatment)

Winter red tea 
decomposition

- Precipitation * 
Mean soil temperature

(1 | Year) +
(1| Site/Treatment)

Summer red tea 
decomposition

- Precipitation * 
Coldest month soil temperature

(1 | Year) +
(1| Site/Treatment)

Winter NO3-N 
availability

log Precipitation * 
Coldest month soil temperature

(1 | Year) +
(1 | Site)

Summer NO3-N 
availability

log Precipitation * 
Coldest month soil temperature

(1 | Year) +
(1 | Site)

Winter NH4-N 
availability

log Precipitation * 
Minimum soil temperature

(1 | Year) +
(1 | Site)

Summer NH4-N 
availability

log Precipitation * 
Minimum soil temperature

(1 | Year) +
(1 | Site)

Winter S 
availability

log Precipitation * 
Coldest month soil temperature

(1 | Year) +
(1 | Site)

Summer S 
availability

log Precipitation * 
Minimum soil temperature

(1 | Year) +
(1 | Site)
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Results

Ranges in winter precipitation, soil moisture and temperature

The natural differences in winter precipitation between study sites and the artificial rain addition 

in the manipulated plots resulted in total amounts of water supply from 83 mm in the driest plot 

(GR-Ref) to 241 mm in the wettest plot (NZ-RS/RnoS). We use the term =winter precipitation= 

from now on for this measure, note that it originates from both natural precipitation and artificial 

water addition during the treatment winters. Soil moisture did not differ between the treatments 

(ANOVA p = 0.244, data not shown). Field capacity for the soil type at our study sites (silty 

sand with bulk density ~1 g/cm3) is 35% (Eckelmann et al. 2005) and this matches with the 

average winter soil moisture measured in the upper 12 cm of all experimental plots (35.5%). 

The additional water apparently seeped through and was not stored in the upper soil layer. As 

a comparison, long-term winter precipitation along the natural gradient ranged from 104 to 

144 mm. 

The snow exclusion did result in significant differences in minimum soil temperatures 

(ANOVA p < 0.001, with significantly lower temperatures after snow exclusion, data not 

shown). No differences in mean winter soil temperatures (ANOVA p = 0.132) and mean coldest 

month soil temperatures (ANOVA p = 0.083) occured. Along the whole gradient and across all 

treatments the minimum winter soil temperature at 6 cm depth ranged from -0.5°C to 2.6°C, 

mean winter soil temperatures from 2.1°C to 4.9°C and coldest month mean winter soil 

temperatures from 1.9°C and 4.6°C.
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Root growth

Winter root growth increased with increasing minimum soil temperature (p = 0.024). This effect 

was stronger in plots with higher winter precipitation (interaction: p = 0.047; Fig. 2). As a result 

of these different response slopes, high water supply favoured root growth under warm winter 

conditions, while it limited growth under cold conditions (Fig. 2). 

Summer root growth was not affected by winter precipitation and winter soil temperature. Both 

winter and summer root growth were not affected by long-term winter precipitation (data not 

shown). 

Fig. 2 Interaction effect of winter climate variables on net winter fine root growth per day at eleven study sites 

between Rostock and Gdansk with three target trees per site. Data were taken during the treatment winters 

2021/22 and 2022/23 using minirhizotrons. The rank transformation in the model is reflected by the scaling of 

the y-axis. The conditional R² of the model is 0.219 and the marginal R² is 0.025. 
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Tree growth

Annual radial tree growth rates increased exponentially by 2.7% relatively to its actual value 

per mm long-term winter precipitation (p = 0.001, Fig. 3). This corresponds to 45 µm yr-1 

increased radial growth per mm precipitation at mean growth rates on our sites 

(M = 1654 µm yr-1). Previous-winter precipitation, soil temperature and their interaction did 

not show any effect.

Fig. 3 Effect of long-term winter precipitation on radial tree growth at eleven study sites between Rostock and 

Gdansk with three target trees per site. Data were taken with point dendrometers during the growing seasons 

2022 and 2023 subsequent to the treatment winters. The conditional R² of the radial growth model is 0.519 and 

the marginal R² is 0.458. 
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Decomposition 

During winter, the green tea decomposition rate increased linearly by 2.0% per 100 mm winter 

precipitation (p = 0.021, Fig. 4) and also by 2.0% per degree soil temperature (p < 0.001). The 

red tea decomposition rate increased by 0.9% per degree soil temperature (p = 0.030), but no 

effect was present for winter precipitation. 

Summer decomposition of green tea was increased by 3.3% per 100 mm winter precipitation 

during winter (p = 0.028) and this effect was stronger in colder soils (Fig. 4). Red tea summer 

decomposition, however, was not affected by winter precipitation, but increased by 1.3% per 

degree winter soil temperature (p = 0.014).

      

Fig. 4 Effects of winter precipitation and soil temperature on relative decomposition of slow decomposing green 

tea and fast decomposing red tea during (left) winter from November to March and (right) the subsequent early 

summer from April to July at eleven forest sites between Rostock and Gdansk from winter 2021/22 to summer 

2023. For winter green tea decomposition, the conditional R² of the model is 0.683 and the marginal R² is 0.150; 

for summer, the conditional R² is 0.781 and marginal R² is 0.061. For red tea winter decomposition, conditional 

R² of the model is 0.264 and marginal R² is 0.106; for summer, conditional R² is 0.204 and marginal R² is 0.066. 
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Nutrient availability and leaching

Winter NO3-N availability increased exponentially by 1.8% per mm winter precipitation 

(p < 0.001), but this effect was especially strong in cold soils (precipitation:soil temperature 

p = 0.006, Fig. 5). Winter SO4-S availability increased by 0.8% per mm winter precipitation 

(p < 0.001), while NH4-N was not affected. However, NH4-N availability decreased with 

increasing soil temperature (p = 0.002, Fig. 5). Winter precipitation and soil temperature 

showed an interaction effect on NH4-N availability during the subsequent summer (p = 0.005, 

Fig. 5), while NO3-N and SO4-S availability during summer where not influenced. 

     

Fig. 5 Significant effects of winter precipitation and soil temperature on PRS nutrient availability in the topsoil 

determined by PRS probes at eleven forest sites between Rostock and Gdansk. Winter represents the treatment 

winters 2021/22 and 2022/23 (Nov to Mar), while summer refers to the subsequent early growing seasons in 

2022 and 2023 (Apr to Jul). 
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Discussion

Root growth

Our results imply that future wetter winters can affect tree growth in cool temperate beech 

forests above and below ground. Regarding fine roots, we provide the first evidence that winter 

conditions influence growth rates also through the amount of precipitation, instead of only 

through snow cover and its impact on soil temperature. Specifically, the positive effect of soil 

warming on net winter fine root growth was stronger with higher winter precipitation and 

almost absent in plots with little winter precipitation (Fig. 2). To estimate future effects of wetter 

winters on winter root dynamics in European beech forests it is therefore crucial to take a closer 

look on the changes in soil temperatures. Climate projections suggest that soil temperatures in 

the central part of the distribution range of European beech will rise, following the rising air 

temperatures (Kreyling & Henry 2011). In these areas, root growth is expected to increase even 

more strongly if winters get wetter. However, at the eastern sites of our gradient with a more 

continental climate and historically snowy winters, a reduction in snow cover results in 

decreased soil insulation. This allows cold spells, which are still expected to occur frequently 

(IPCC 2021), to penetrate the soil more easily, offsetting soil warming or potentially even 

causing a decrease in soil temperatures (Kreyling & Henry 2011). Under these conditions, high 

precipitation may further suppress net root growth. The minirhizotron method does not 

distinguish between the dead and the living fine root fraction and also does not allow to 

determine turnover rates so far. Still, we assume that the reduced net root growth in colder soils 

is due to a reduced growth rate rather than increased root mortality, because the latter plays a 

bigger role at temperatures below the freezing point (Tierney et al. 2001), which were almost 

absent during the study years. An ex-situ analysis of the fine root system would allow a clear 

separation between dead and living roots and further interpretation of root dynamics (Leuschner 

et al. 2001; Gaul et al. 2008). 

Regarding winter precipitation, it is likely that this effect derives from changes in nutrient 

cycling and decomposition instead of increased water availability, because upper soil horizons, 

where most fine roots are present, were saturated during winter irrespective of the winter 

precipitation treatments. This will be further examined below in subchapter 8Nutrient dynamics 

and decomposition9. It is remarkable that winter precipitation showed significant effects on root 

growth, considering that other factors such as growing season climate or nutrient availability, 

long-known for their effects on tree growth, also vary between our sites, thereby explaining the 
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low performance of our models. Still, winter variables alone explained nearly half of the 

variance in radial tree growth.

Radial tree growth

Aboveground tree growth was promoted by generally wetter winters (Fig. 1). We had drier 

conditions than usual during the early growing seasons (April 3 June, period of highest growth 

rates), with precipitation sums being ~35% below long-term average (1991 - 2020; E-OBS 

version pre1950 with 0.25° x 0.25° spatial resolution; Haylock et al. 2008). Our results 

demonstrate that wetter winters have the potential to partly counterbalance such summer 

droughts, likely by refilling soil water storages. Even though upper soils are water saturated in 

northern and north-eastern European beech forests and do not provide additional soil water 

storage capacity (Ritter & Vesterdal 2006; Garthen et al. 2024), seeping rain water recharges 

deeper soil layers. These compensatory effects will naturally become more important in the 

future if, as predicted, exposure to drought in summer increases due to climate change (IPCC 

2021). However, a compensatory effect seems to be only the case if the precipitation rates 

increase in the long-term average, because rain addition during the two experimental winters 

had no direct short-term influence on tree growth. This points out that it are probably the multi-

year average conditions to which tree growth adjusts and that single extreme wet years cannot 

compensate for negative drought effects (Jiang et al. 2019). 

One could argue that winter precipitation is usually correlated with annual precipitation and 

with summer precipitation. However, we tested the explanatory value of the model when 

replacing long-term winter precipitation by long-term summer precipitation or by long-term 

annual precipitation. In the end the modelling showed that winter precipitation best explains 

radial growth (Table A.3). With this we confirm previous findings (Allen et al. 2019; Goldsmith 

et al. 2022), who reported that winter precipitation plays a more important role than summer 

precipitation for water supply of European beech.

Decomposition and nutrient dynamics

We found significant short-term effects of our winter manipulations on several biogeochemical 

processes during the subsequent early summer. The effects of winter soil temperature and winter 

precipitation on summer decomposition indicate a community shift in the microbiome, because 

the respective teabags were only installed after the end of the manipulation treatments in spring. 

A quick reorganization of the microbial community has been proven in response to altered soil 
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temperatures in a previous study at the same sites (Dahl et al. 2023), and this seems to be true 

also for the winter precipitation sum. 

During winter, green tea decomposition was also slightly enhanced by water supply, in contrast 

to red tea (Fig. 4). High quality organic material of green tea is more easily dissolved than red 

tea and consequently, the increased decomposition rates are expected to mainly originate from 

increased leaching. Also, winter decomposition of both types of tea decreased with lower soil 

temperatures, confirming findings of previous studies in temperate and boreal forests (Rustad 

et al. 2001; Yanai et al. 2004; Kreyling et al. 2013). However, Weigel et al. (2021) found a 

positive correlation only for green tea, and Bokhorst et al. (2013) found a reduction in 

microorganism abundance, but no consistent response of litter decomposition to reduced soil 

temperatures in a boreal forest. Nevertheless, we expect that decomposition in Central European 

beech forests, where soils get warmer, will increase, while decomposition is inhibited in colder 

soils that may occur more frequently in the north-eastern distribution range. 

NO3-N and SO4-S availability increased with increasing winter precipitation, most likely as a 

consequence of atmospheric deposition (Garthen et al. 2024). The positive effect of winter 

precipitation on NO3-N availability was stronger in colder soils. Interestingly, this pattern 

coincides with the net root growth interaction effect: The decrease in net root growth (Fig. 2, 

here only visualised with soil temperature on x-axis) and the increase in NO3-N availability 

(Fig. 5) in response to wetter winters are both stronger in colder soils. Thus, the increased 

NO3-N availability may also partly originate from fine root decay. Interestingly, we found no 

consequences of winter precipitation on NO3-N and SO4-S availability during the subsequent 

summer. This is in line with results of a previous study analysing only the first treatment winter 

(Garthen et al. 2024). There we concluded that large amounts of the additionally available 

nutrients are immediately leached and thus not available for tree growth. 

NH4-N was not affected by additional winter rain, even though it is known to be easily deposited 

as well (Michel et al. 2022). This may be explained by immobilization, i.e. the uptake of 

nutrients by soil organisms, and nitrification processes, in which microorganisms convert 

NH4-N to NO3-N (compare Garthen et al. 2024). Ammonium is generally immobilized in 

preference to nitrate (Jansson et al. 1955; Jones & Richards 1977) and nitrification increases in 

response to N deposition across terrestrial ecosystems (Lu et al. 2011). 
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Conclusion

Wetter winters can have considerable effects on European beech forests over large of the wet 

and cold parts of the species9 natural distribution range. Lower soil temperatures during winter 

inhibited root growth within the same season, especially in wet winters. Thus, soil cooling as a 

consequence of decreasing snow insulation is a risk factor in particular in wet- and cool-

temperate forests. However, in European beech populations in Central Europe, root growth can 

benefit from wetter and warmer winters. In contrast, such favourable short-term effects of 

warmer and wetter winter on aboveground tree growth could not be observed. Instead, tree stem 

growth seemed to be adjusted to the long-term winter precipitation conditions. Thus, generally 

wetter winter conditions could at least partially compensate for drier summers by recharging 

deep soil water storages. However, the lack of positive short-term effects of higher winter water 

supply rather indicates that individual extremely wet winters cannot symmetrically compensate 

for extreme summer drought events. Our results indicate that it is crucial to consider winter 

precipitation for estimating the consequences of climate change for the ecosystem functioning 

of cool temperate, deciduous forests, especially considering that the influence of soil 

temperature on the forest ecosystem processes in turn depend on the amount of precipitation, 

as we were able to show. Wetter winters may increase the ability of European beech to buffer 

the negative consequences of climate change, although the extent to which they can do so 

urgently needs to be further clarified.
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A B S T R A C T

Climate models project moderate to large increases in air temperature for most temperate ecosystems with an
overall increase in winter precipitation and a shift from snow towards rain. We investigated the effects of
increased winter rainfall on the ecosystem functioning of European beech forests at their north-eastern distri-
bution range. In a large-scale 昀椀eld experiment we manipulated winter climate at nine forest sites by increasing
the amount of rainfall and excluding snow. Nutrient availability in the topsoil and leaching in 50 cm depth as
well as litter decomposition and radial growth of mature European beech trees were analysed. It was hypoth-
esized that (1) wetter winters lead to increased nutrient deposition as well as leaching, with an overall increase in
net nutrient availability, (2) decomposition decreases in response to water addition containing also additional
nutrients and (3) primary production during the subsequent growing season increases as presumably not all
additionally available nutrients would be leached. We found an increase in topsoil nitrate and sulfate availability
during winter in response to rain addition, likely as a consequence of collecting more atmospheric deposition,
and surprisingly high leaching rates of the additionally available nutrients. During the subsequent early growing
season, no difference in nutrient availability could be observed anymore. Enhanced nutrient availability in the
topsoil and leaching do not seem to have a strong short-term in昀氀uence on forest ecosystem processes in eco-
systems which are close to their critical load of N deposition. Decomposition rates during winter and early
growing season as well as stem diameter growth during the following growing season were not in昀氀uenced. This
indicates that additional nutrients in the topsoil in response to wetter winters are not available for plant growth
but pollute ground- and surface waters.

Introduction

Winter climate drives many ecological and biogeochemical processes
in temperate forests (Campbell et al., 2005) and plays a crucial role for
the current distribution range of European beech (Fagus sylvatica L.), the
dominant native tree species in Central Europe (Bolte et al., 2007). Its
natural occurrence is limited by severe winter frost and late spring frost
events to the north in Sweden and to the north-east in Poland (Bolte
et al., 2007). The intensity of climate warming is expected to be most
pronounced during the cold season compared to the rest of the year in
central and northern Europe (IPCC, 2021), emphasizing its general
importance for European beech forests (Kreyling, 2020; Weigel et al.,

2021). Additional to the increase in air temperature, climate models
predict an overall increase of winter precipitation in north-eastern and
northern Europe, with a shift from snow towards rain (IPCC, 2021;
Trnka et al., 2022). Previous research mainly focussed on effects of snow
and increased winter temperature (Groffman et al., 2001; Weigel et al.,
2018, 2021). However, the consequences of wetter winters, i.e. more
total winter precipitation predominantly occurring in the form of rain,
have not yet been adequately investigated.

The two major impacts of increased precipitation during winter are
expected to be nutrient deposition and leaching. Nitrogen (N) and
sulphur (S) are the most prominent nutrients when it comes to deposi-
tion. Human activities such as power generation, traf昀椀c, industry,
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residential heating and agriculture have led to high rates of N emission
that reached a peak in the 1980s with an increase of >500 % compared
to pre-industrial times (Schöpp et al., 2003). Similarly, S emission
increased by 700 % until the 1980s in response to fossil fuel combustion
(Likens et al., 1979). In parallel to these emissions, N deposition, mainly
in the form of nitrate (NO3-N) and ammonium (NH4-N), and S deposi-
tion, mainly in the form of sulfate (SO4-S), into ecosystems increased
(Schöpp et al., 2003). High levels of N deposition that exceed the
so-called ‘critical load’ cause disruptive effects on ecosystems. The range
for critical loads in temperate forest ecosystems is between 10 and 15 kg
N/ha, but also depends on the N:P ratio, S input, base cation availability
and historical N deposition (Bobbink&Hettelingh, 2011; Penuelas et al.,
2020).

Nutrient leaching in response to wetter winters as a result of
increased rainfall and/or deposition may also play an important role for
ecosystem functioning. Generally, leaching is linked to deposition, but
the susceptibility of leaching differs between nutrients. While NO3-N
and SO4-S are easily leached from surface soils, leaching of other anions
such as phosphorus is negligible. Leaching is assumed to be most pro-
nounced in winter compared to the rest of the year, because the pro-
portion of plant and microbial nutrient uptake is very much reduced and
昀椀eld capacity is commonly reached during winter in northern European
beech forests (Ritter & Vesterdal, 2006). Thus, additional water cannot
be stored in the soil and will instead increase seepage and leaching. Also,
a reduction of snow cover as a result of winter warming reduces soil
insulation and can lead to severe soil frost events, which can damage
roots and reduce plant uptake, thereby triggering N leaching (Groffman
et al., 2001). Finally, increased water seepage through the soil column in
response to increased winter rainfall is expected to lead to stronger
N-leaching just due to increased 昀氀ow rate (Bowles et al., 2018). Nitrogen
leaching has long been known to cause several environmental problems
such as soil and surface water acidi昀椀cation, leaching of soil cations,
eutrophication and hypoxia of inland and coastal waters, as well as the
pollution of ground and drinking water (Vitousek et al., 1997).

Responses of biogeochemical processes to wetter winters are unclear
(Kreyling 2020). Regarding litter decomposition, meta-analyses have
shown that increased levels of N deposition can either stimulate or
suppress decomposition, depending on ecosystem, species, litter quality
and amount of N addition (Knorr et al., 2005; Yan et al., 2020). In
Central European beech forests, litter decomposition was reduced after
experimental N and S addition (RůÇzek et al., 2021). Soil microorganism
activity can be inhibited at low soil moisture levels (Gavazov et al.,
2014) or limited availability of liquid water due to soil freezing (Mikan
et al., 2002). During winter, the metabolic activity of soil microbes is
generally reduced by low temperatures, resulting in little demand for N
and thus carbon being the more limiting factor (Schnecker et al., 2023).

Finally, the in昀氀uence of changing winter climate on net primary
production remains unclear so far due to many potentially interacting
factors. On the one hand, enhanced N availability increases productivity
and biomass accumulation in forests (De Vries et al., 2014; Vitousek &
Howarth, 1991). On the other hand, a decisive portion of the deposited
nutrients may not be available for plants depending on the amount of
leaching. Also, if ecosystems get N-saturated, growth can be suppressed
(Aber et al., 1989). However, a large-scale 昀椀eld study demonstrated the
importance of the positive fertilization effect in European forests
(Solberg et al., 2009).

Here, the effects of increased winter rainfall on the ecosystem
functioning of temperate beech forests were examined. Ecological and
biogeochemical variables such as nutrient availability and leaching,
decomposition and tree growth were analysed. The investigations were
carried out in a 昀椀eld experiment along a large climatic gradient (Δ mean
winter temperature = 4.0 K) with nine experimental sites between
Rostock in Germany and Gdansk in Poland in order to generate gener-
alizable results. We hypothesized that (1) wetter winters lead to
increased nutrient deposition as well as leaching, with an overall in-
crease in net nutrient availability, (2) decomposition decreases in

response to water addition containing also additional nutrients and (3)
primary production during the subsequent growing season increases as
presumably not all additionally available nutrients would be leached.

Materials and methods

Study area and tree selection

The study was carried out at nine forest sites dominated by mature
European beech (Fagus sylvatica L.). All sites were situated in the Pleis-
tocene lowlands of north-eastern Germany and north-western Poland on
sandy Cambisols of similar soil texture (Weigel et al., 2021). The study
sites were distributed along a climatic gradient with winter tempera-
tures decreasing by 4 K and snowfall increasing from west to east
(Fig. 1). This 500-km gradient covered stands from the central to the
north-eastern distribution margin of Fagus sylvatica (Bolte et al., 2007).
The climate at the warmest sites (BH, HH) is characterized by relatively
mild winters with mean air temperatures above 0 çC, while the eastern
sites experience colder winters with mean air temperatures close to −4
çC. Selection of the sites focussed on choosing stands with similar hy-
drological conditions and stand structures. Mean annual precipitation of
the study sites ranged from 540 to 630 mm with total winter precipi-
tation between 107 and 127 mm (Hamann et al., 2013; Wang et al.,
2012).

Mature beech trees were selected for the investigations. Tree di-
ameters ranged from 37 to 52 cm, heights from 27 to 39 m, canopy
closure from 70 to 80 % and age from 76 to 167 years (Weigel et al.,
2021). We accepted differing ages across sites, since age is the least
important factor determining the growth climate relationship (Trouillier
et al., 2019).

A dendrochronological pre-study was carried out to identify trees
that best represented the growing conditions for each site (Weigel et al.,
2018). Experimental plots were centred around those single target trees
with a radius of 5 m (80 m2), thereby capturing about 95 % of the treés
昀椀ne roots (Jurasinski et al., 2012). Each plot was fenced to exclude large
mammals. The experimental manipulations consisted of (1) winter rain
addition with rainwater or melting snow (RS) and (2) the same winter
rain addition but with a roof that excluded snow until melting (RnoS).
One (3) untreated plot per site was used as a reference (Ref).

For RS, a 32 m2 wooden roof (equivalent to +40 % surface area per
RS and RnoS plot) with a plastic cover on top (0.2 mm-thick, UV-
transmissible ‘‘Lumisol clear’’; Hermann Meyer KG, Rellingen, Ger-
many) was constructed next to the plot to capture additional rainwater.
The water was collected in a rain barrel with 200 l capacity and
passively redirected to the plot through an irrigation system consisting
of 60 m of porous pipes (16 mm diameter, Hermann Meyer KG, Rellin-
gen, Germany) regularly distributed within the plot. RnoS was achieved
with an additional snow-out shelter over the entire experimental plot of
80 m2, made of the same transparent cover as the rain collection roofs
昀椀xed on a 1.5 m high wooden construction. Here, however, the cover
was perforated and therefore retained snow but allowed rainwater and
melt water to reach the forest 昀氀oor. Both the RS and RnoS treatments
were limited to the winter months from mid November 2021 to end of
March 2022 (a visual impression of the experimental setup is provided
in Fig. A.1).

The experiment was set up as a gradient design with one replication
per site (Kreyling et al., 2018), except for the coldest site (KA) with a
threefold replication, in order to come up with general results repre-
senting a broad range of beech forest ecosystems at the species’
north-eastern distribution range.

Response variables

Three TMS-4 data loggers (TOMST®, Prague, Czech Republic) per
plot were installed in 2 m distance and equally distributed around the
tree to measure soil moisture (upper 12 cm, electro-magnetic time-
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domain transmission method, TDT) and soil temperature (6 cm depth) in
15-minute intervals (Wild et al., 2019).

Nutrient availability was measured by Plant Root Simulator probes
(PRS® nutrient exchange resin membranes, Western Ag Innovations,
Saskatoon, Canada) with 4 anion and 4 cation probes per plot, which
were inserted vertically into the topsoil close to the TMS-4 loggers. All
anion and cation pairs per plot were combined to one sample for later
analysis. Nutrient leaching was determined by the same experimental
setup with only anion probes that were inserted into the subsoil in 50 cm
depth in close vicinity below the topsoil measurements. About 70 % of
昀椀ne roots occur in the upper 30 cm and 昀椀ne root density is exponentially
decreasing with soil depth (Meier et al., 2018). We therefore assume that
plant nutrient uptake below 50 cm depth is negligible and nutrients
reaching this depth will be leached to the groundwater. The amount of
leached NO3-N in response to the rain addition was calculated as the
differences between mean values for the treatments compared to the
reference (MRS – MRef; MRnoS – MRef). Based on this, the treatment effect
on additional leaching was quanti昀椀ed by the ratio between additionally
leached NO3-N in the subsoil and additional availability in the topsoil.

For access to the subsoil, PVC tubes with a diameter of 10 cm were
permanently installed to a depth of close to 50 cm and the PRS-probes
were inserted horizontally into the soil substrate from the open, lower
end of the access tubes, so that the membranes were placed vertical
along the shorter side of the membrane and about 5 cm from the access
tube, thereby avoiding bias by potential preferential 昀氀ow along the tube
and keeping the soil volume to be measured undisturbed. The access
tube was capped at the top. PRS results were checked for overloading of
the membranes using the adsorption limits provided by the manufac-
turer, but these thresholds were not exceeded in any case.

The decomposition rate was determined using fast decomposable
Lipton green tea (EAN 87 22700 05552 5) and slowly decomposable
rooibos (red) tea (EAN 11327 5143 48) as standardized litter materials.
Green tea C/N ratio is considered to be similar to beech forest topsoil
litter, while red tea C/N ratio is similar to fresh beech leaves (Keuskamp
et al., 2013; Vesterdal et al., 2008). Two bags of each red and green tea
were buried close to each TMS-4 logger and decomposition results of

undamaged bags (n = 695) were averaged for each sensor, while
damaged tea bags (n = 97) were not considered for further analyses.

PRS probes and tea bags were positioned at a maximum distance of
10 cm from the irrigation tubes. Nutrient conditions and decomposition
were determined during the treatment period from mid-November 2021
to end of March 2022 and repeated from the beginning of April to mid-
July 2022 to evaluate the winter treatment effect on the subsequent
growing season.

The aboveground growth response during the growing season (April-
November) after the winter treatment was measured by dendrometers
(“DR”, Ecomatik, Munich, Germany with analog data logger “HOBO
UX120–006M”, Onset Computer Corporation, Bourne, USA/ TOMST®,
Prague, Czech Republic) at the northern side of the stem in 4 m height
and in 30-min intervals.

To verify whether the rain addition treatment was successful, three
plastic canisters per plot with a volume of 20 l were buried below the
irrigation tube at the beginning of the treatment period. A special con-
struction was developed to connect the canisters to the tube and collect
water that came out of 15 cm tube, at the same time excluding other
water sources. For snowmonitoring, a trail camera was used at each site,
which took one picture per day.

Statistical analysis

The raw moisture signal obtained by the TMS-4 data loggers was
converted into volumetric soil moisture with the software TMS Calibr
(TOMST, 2022). The conversion tool “User soil properties” was used and
proportions of clay, silt and sand were taken from one pooled reference
sample at each forest site, respectively (Weigel et al., 2021).

Further statistical analyses were performed using the Software R
4.2.3. (R Core Team, 2023; Table A.1). To test for treatment effects on
average soil moisture and soil mean/ minimum temperature during
winter, ANOVAs were applied for linear mixed-effect models with
treatment (RS, RnoS, Ref) as 昀椀xed effect and plot nested in site as
random effect, thereby accounting for the spatial dependencies in the
data (see below for details per response variable).

Fig. 1. Climate warming in northeastern Germany and northwestern Poland is strongest in winter and is projected to result in warmer and wetter winters with less
precipitation as snow. (Climate data according to gridded climate data with reference period 1950–2000 and the 2080s under the RCP 4.5 emission scenario,
“climateEU” 4.63, Wang et al., 2012; Hamann et al., 2013) Anomaly = future minus current climate.
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Raw data of radial tree growth recorded by the dendrometers from
December 2021 to November 2022 were 昀椀tted to a sigmoid Gompertz
model. The mean stem diameter during winter was used as base, so that
the asymptote of the regression line indicated radial growth.

To test for treatment effects on nutrient availability, nutrient leach-
ing, decomposition and tree growth, ANOVAs were applied for linear
mixed-effect models. For nutrient conditions, each nutrient was ana-
lysed in a separate model. For nutrient availability and nutrient leach-
ing, mixed model formulation included the winter precipitation
treatment and the season (winter versus summer) and their interaction
as 昀椀xed effects and plot nested in site as random effect (y ~ treatment *
season + (1|site/plot)). For decomposition rate, the type of tea (red
versus green) was added as additional interacting 昀椀xed factor and the
nesting of each of the three measurement positions within each plot and
site was acknowledged in the random effect (y ~ treatment * season *
type of tea + (1|site/plot/position)). Radial growth of each target tree
was analysed by a mixed effect model with the winter precipitation
treatment as 昀椀xed effect and site as random effect, as it did not contain
any further nesting in space or time (y ~ treatment + (1|site)). For each
model, we plotted q–q plots and residual versus 昀椀tted plots to graphi-
cally test the assumptions of normality and homogeneity of variance of
the residuals. For nutrient availability and leaching, data were log-
transformed to meet the assumptions. In case of stem diameter growth
and decomposition, the data were rank-transformed, resulting in
nonparametric tests. Signi昀椀cant interaction effects or main effects of the
treatment with its three levels were further analysed with post hoc
comparisons according to emmeans (estimated marginal means).

Results

Winter precipitation manipulation effects on soil moisture and temperature

The rain addition treatment successfully added water to the plots, as

each veri昀椀cation canister in the plots was 昀椀lled with several litres of
water at the end of the treatment period. The absolute amount of added
water calculated by external climate data was between 35 and 76 mm
(Table A.2). At the same time soil moisture did not differ between the
treatments (Fig. A.2). Field capacity for the soil type at our study sites
(silty sand with bulk density ~1 g/cm3) is 35 % (Eckelmann et al.,
2005). This is in the same range as the average winter soil moisture of all
experimental plots (34.6 %). The additional water apparently seeped
through and was not stored in the soil.

Periods with a closed snow cover ranged from 7 days with up to 5 cm
snow depth at the western sites to approximately 30 days with up to 15
cm depth at the eastern sites. The snow exclusion treatment successfully
excluded the snow, but did not result in differences in average winter
soil temperatures (ANOVA p = 0.326) and only in slight differences in
minimum temperatures (ANOVA p = 0.002, MRnoS = 0.95 çC signi昀椀-
cantly lower thanMRef= 1.68 çC, no signi昀椀cant difference to MRS= 1.38
çC; note that no soil frost was detected).

Nutrient availability and leaching

Nitrate availability increased signi昀椀cantly in response to the rain
addition treatment during winter, while snow exclusion did not show
any effect (Fig. 2A). The same pattern was observed for NO3-N leaching
(Fig. 2B). In both cases, there was no effect of the rain addition treatment
on the following early growing season. The amount of additionally
leached NO3-N in the treatments with rain addition compared to the
reference (MRS – MRef= 13.41 µgN/cm2, MRnoS – MRef= 15.03 µgN/cm2)
was>80% of the amount of additional topsoil NO3-N availability (MRS –

MRef = 17.20 µgN/cm2; MRnoS – MRef = 17.58 µgN/cm2).
Sulphur availability showed the same pattern of increased deposition

after rain addition, with a signi昀椀cant treatment effect (Fig. 2C), but
posthoc-comparisons were not able to differentiate between the groups.
Winter S leaching was very pronounced (Fig. 2D), leading to negative

Fig. 2. Nitrate and Sulphur availability in the topsoil (A, C) and leaching in 50 cm depth (B, D) determined by PRS probes at nine forest sites between Rostock and
Gdansk for three target trees per site with one winter treatment each. “Winter” lasted from November 2021 to March 2022 and “Summer” from April to July 2022.
Bars show means and standard errors. The letters displayed in the bars result from the mixed model ANOVA with subsequent pairwise comparison of estimated
marginal means within each season (not displayed in panel C because of non-signi昀椀cant interaction treatment:season).
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net S balance during winter, i.e. more additional leaching through the
rainfall increase than additional input into the topsoil through the
rainfall increase.

Availability and leaching of other nutrients such as NH4-N, P, K, Mg,
Ca and micronutrients did not differ between the treatment groups
(except of Boron, which was signi昀椀cantly lower in RS than in Ref).
Signi昀椀cant differences in the treatment effect between seasons could not
be observed for those nutrients either (Table A.3).

Decomposition and tree growth

Decomposition was not signi昀椀cantly affected by the winter precipi-
tation treatments (Fig. 3). Stem diameter growth over the following
growing season was also not signi昀椀cantly affected by the treatments
(Fig. 4).

Discussion

Deposition and leaching

Nitrate and sulfate availability increased in response to the winter
rain addition treatments (Fig. 2A and C). As decomposition rates and
plant growth were not affected (Figs. 3 and 4), a likely source of the
additional nutrients is atmospheric deposition introduced by the addi-
tional water, which was collected from a larger surface area and
therefore contained also wet and dry deposition of this additional area.
Nutrient uptake by PRS membranes might additionally have increased
because of a greater mobility of nutrients in the soil in response to water
addition. Higher NO3-N loading at the PRS probes in the topsoils as a
result of higher 昀氀ow rates in the soil appears unlikely, though, because
the topsoil sensors were located right below the litter layer, so any
additional N must have stemmed from mineralisation of the litter as the
sandy substrate and level surfaces of our study sites imply a predomi-
nantly vertical water movement in the soil. In the absence of effects on
litter decomposition (Fig. 3), however, we can hardly expect any addi-
tional N from that source. We would expect that greater mobility of S
and N in the soil in response to higher water additions would probably
be an important aspect in unsaturated soils. However, since soil mois-
ture was at 昀椀eld capacity at our sites during winter even in the reference
plots, we expect N and S mobility to be high even without rain addition.
Taken together, we consider an increase in nutrient load as a result of
additional atmospheric deposition from the increased surface area of
rain collection to be the most likely explanation for our results. Still,
total deposition might have been higher than documented by the topsoil

PRS probes, because an unknown fraction of deposited NO3-N might
have been directly immobilized by microorganisms, thus not reaching
the topsoil PRS probes. Microbial biomass has been shown to increase
during winter in temperate forests, thereby immobilising N which stems
from litter decomposition or from atmospheric deposition (Isobe et al.,
2018; Kaiser et al., 2011). The amount of N being immobilised is also
expected to increase with increased nutrient availability. It has, how-
ever, been suggested by the same authors that the N immobilized by
microorganisms in winter is released over spring and summer, eventu-
ally becoming available to plants (Isobe et al., 2018; Kaiser et al., 2011).
Here, we did not observe increased N availability later in the year and
also no increase in plant growth or plant N. Consequently, we assume
that the PRS results may underestimate atmospheric deposition due to
microbial immobilisation, but that this effect was small.

Interestingly, the portion of additional NO3-N leaching in response to
rain addition compared to additional topsoil availability was >80 %
during winter and no difference was observed between the treatments
anymore during the subsequent growing season. Additionally leached
nutrients in response to the rain treatments during winter are expected
to mainly derive from nutrient loads of the rainwater and be directly
transported downwards with rainwater seepage. However, easily
transportable topsoil NO3-N from other sources than atmospheric
deposition such as microbial mobilization and mineralization may also
be leached with the additional rain (Kaiser et al., 2011). For S, the latter
effect seems to play a major role, because rain addition led to higher
absolute values in additional leaching than in additional topsoil avail-
ability, compared to the reference.

Our PRS data did not provide absolute amounts per soil surface area
of available/leached nutrients. To quantify the intensity of the deposi-
tion and leaching effect, spatially and temporally dissolved monitoring
data of deposition in deciduous forests were used (Norwegian Meteo-
rological Institute, 2023). The 5-year average N deposition (2017–2021)
along the studied gradient was between 10.2 and 16.5 kg/ha
(Table A.4), which is close to the critical load range of 10–15 kg/ha for
temperate forests (Bobbink et al., 2010). Wetter winters may lead to
more sites crossing this ecologically important threshold. Leaching has
been shown to appear frequently in European forests when N deposition
exceeds 25 kg/ha (Dise & Wright, 1995). In the present study N leaching
was high, even though total deposition was comparatively low. This
indicates that NO3-N leaching does not only depend on annual budgets
but also on the short-term precipitation pattern, seasonal variations in
plant and microbial uptake, as well as on soil moisture.

Interestingly, NH4-N availability was not enhanced in our study. The
highest proportion of NH4-N is deposited during spring and summer in
European landscapes, while NO3-N and SO4-S concentration in rain-
water is highest during winter and spring (Asman et al., 1998; Walna,

Fig. 3. Relative decomposition rate determined by the tea bag method and
averaged for green tea and rooibos tea at nine forest sites between Rostock and
Gdansk for three target trees per site with one winter treatment each. “Winter”
lasted from November 2021 to March 2022 and “Summer” from April to July
2022. Bars show means and standard errors. The p-values show results of the
mixed model ANOVA.

Fig. 4. Radial tree growth over the growing season subsequent to the winter
treatments determined by dendrometers at nine forest sites between Rostock
and Gdansk for three target trees per site with one winter treatment each. Bars
show means and standard errors. The p-value results from the mixed
model ANOVA.

A. Garthen et al. Basic and Applied Ecology 80 (2024) 120–127 

SQ



2015). Only 24 % of the annual total NH4-N deposition, but 31 % of
annual NO3-N deposition and 38 % of annual SO4-S deposition is
deposited during the winter treatment period in our study area
(Table A.4; Norwegian Meteorological Institute, 2023). However, ab-
solute winter deposition values in kg/ha of NH4-N and NO3-N were in
the same range. This may be explained by immobilization, e.g. the up-
take of nutrients by soil organisms, and nitri昀椀cation processes, in which
microorganisms convert ammonium to nitrate. Ammonium is immobi-
lized in preference to nitrate (Jansson et al., 1955; Jones & Richards,
1977), especially in acid soils (Rochester et al., 1992), which appear at
our sites with A-horizons between pH 3.0 and 3.6, B-horizons between
pH 3.5 and 4.1 and C-horizons between pH 4 and 4.3 (all measured in
water; Weigel et al., 2019). Therefore, parts of the additionally depos-
ited NH4-N may be rapidly incorporated by soil organisms. Net nitri昀椀-
cation increases in response to N deposition across terrestrial ecosystems
(Lu et al., 2011). In our experiment, the relative increase in NO3-N
availability in the rain addition plots compared to the reference is 60 %
and hence higher than relative rain addition of 40 %. Although nitri昀椀-
cation rates are considered to be low during winter in beech forests
(Schütt et al., 2014), we assume that a portion of the increase in avail-
able NO3-N in the rain addition plots originates from oxidized deposited
NH4-N.

To conclude, additional winter rainfall can lead to increased nutrient
availability during winter, but not during the subsequent growing sea-
son in the studied north-eastern temperate European beech forests. It
should be noted, though, that the potential increase in deposition in
response to wetter winters may be counteracted by ongoing decreasing
emissions, especially for S (De Vries et al., 2014). Nevertheless,
increased winter rainfall may lead to eutrophication and acidi昀椀cation of
groundwater, streams, and larger water bodies if accompanied by
increased N and S deposition.

Decomposition and tree growth

Decomposition was not in昀氀uenced by our winter precipitation
treatments, neither during the treatment period in winter nor during the
following early growing season. Soils were mostly water-saturated, so
water availability was not a limiting factor. Soil temperature also did not
differ strongly, even for the snow manipulation, as there was little to no
snow cover which would have insulated the soil. Under these conditions,
decomposition does not seem to interact much with nutrient concen-
trations, rather immobilization and nitri昀椀cation may be in昀氀uenced.

Considering the direct leaching of additional NO3-N and SO4-S, it is
not surprising that tree growth did not differ between the winter pre-
cipitation treatments either. The additional nutrients in the topsoil
during winter in response to higher precipitation were basically not
available for the beech trees. Also, our 昀椀ndings explain why a previous
tree-ring study revealed no sensitivity of tree growth to winter precipi-
tation variability at most of our sites (Weigel et al. 2018), although the
re昀椀ll of soil water reserves in winter is crucial for tree growth in the
following growing season: In our study region, the soils are most likely
suf昀椀ciently water-saturated in winter and thus additional water input
during winter does not further enhance tree growth. However, a longer
experimental period with several consecutive treatment winters would
be required to evaluate long-term effects of wetter winters, including
potential acidi昀椀cation and base cation leaching, on tree growth.

Uncertainties of future atmospheric deposition and implications for the
interpretation of the observed effects

Generally, the amount of deposition is strongly related to the amount
of precipitation. However, there is no linear relationship between the
two variables (Hole et al., 2008). Nadim et al. (2003) showed that
concentrations of NO3-N and NH4-N in rainwater decreased when the
amount of rainfall of a single precipitation event increased. At small
precipitation events with rainfall below 5 mm, the concentration of

reduced and oxidized N was 4–6 and 2–4 times higher than for precip-
itation events exceeding 40 mm (Nadim et al., 2003). Negative trends
between precipitation amount and ion concentration were also observed
for weekly (Prado-Fiedler, 1990) and monthly (Hole et al., 2008) means
in precipitation. Wind speed and direction also play a role because wind
supplies new air masses with high ion concentrations, slowing down the
decreasing trend in rainwater ion concentrations (Minoari & Iwaska,
1996). Additionally, NO3-N scavenging seems to happen more effec-
tively under higher temperatures, while this relationship could not be
observed for NH4-N (Nadim et al., 2003). During winter, snow is
generally more ef昀椀cient in ion scavenging than rain (Murray et al.,
2022).

Our simulation of wetter winters sampled the additional water from
a larger surface area and therefore scaled additional nutrients linearly to
additional water through the additional collection area, including both
wet and dry deposition. This approach, however, simply increases the
precipitation (and nutrient) sum of every single precipitation event.
Wetter winters projected with climate change, however, will likely also
result in additional precipitation events.

As stated above, additional (small) precipitation events tend to in-
crease wet deposition while increasing the amount of single precipita-
tion events has little effect on deposition. The net difference between the
two effects (experimentally sampling larger surface area versus poten-
tially increased wet deposition by more precipitation and/or more
numerous precipitation events with climate change) is currently hard to
estimate. We analysed the precipitation pattern at our study sites during
the winter treatment period and found that the precipitation events were
evenly distributed from mid-November to February, but more than half
of the days were without any precipitation, especially March was very
dry (Fig. A.3). This implies that not all nutrients present in the atmo-
sphere were scavenged and that there is the possibility of increased
deposition in response to wetter winters. But still, advances in climate
modelling and deposition monitoring are crucial for the interpretation of
our experiment: If winter atmospheric deposition increases with climate
change, our results imply strong leaching. If winter atmospheric depo-
sition is not strongly affected by the projected wetter and warmer win-
ters, though, little change in nutrient leaching is to be expected.

Conclusions

We conclude from our 昀椀eld experiment that NO3-N and SO4-S
leaching is expected to be high if future wetter winters lead to higher
atmospheric deposition, as a result of water-saturated conditions and
because of limited nutrient uptake by plants and presumably also mi-
croorganisms over winter. The probability of groundwater pollution is
therefore particularly high when the amount of available nutrients in-
creases during winter.

Enhanced atmospheric deposition and leaching by increased pre-
cipitation during winter do not seem to have a strong short-term in昀氀u-
ence on forest ecosystem processes in ecosystems that are close to their
critical load of N deposition. In the presented experiment, decomposi-
tion rates during winter and the subsequent early growing season as well
as stem radial increment of mature beech trees during the full following
growing season were not in昀氀uenced by winter rain addition. This in-
dicates that additional nutrients in the topsoil in response to wetter
winters due to climate change are not available for plant growth, but
may instead pollute ground- and surface waters.
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C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E.
Lonnoy, J.B.R. Matthews, T.K.Maycock, T.Water昀椀eld, O.Yelekçi, R.Yu, and B. Zhou
(eds.)].

Isobe, K., Oka, H., Watanabe, T., Tateno, R., Urakawa, R., Liang, C., … Shibata, H.
(2018). High soil microbial activity in the winter season enhances nitrogen cycling in
a cool-temperate deciduous forest. Soil Biology and Biochemistry, 124, 90–100.
https://doi.org/10.1016/j.soilbio.2018.05.028

Jansson, S. L., Hallam, M. J., & Bartholomew, W. V. (1955). Preferential utilization of
ammonium over nitrate by micro-organisms in the decomposition of oat straw. Plant
and Soil, 6, 382–390. https://doi.org/10.1007/BF01343647

Jones, J. M., & Richards, B. N. (1977). Effect of reforestation on turnover of 15N-labelled
nitrate and ammonium in relation to changes in soil micro昀氀ora. Soil Biology and
Biochemistry, 9(6), 383–392. https://doi.org/10.1016/0038-0717(77)90016-5

Jurasinski, G., Jordan, A., & Glatzel, S. (2012). Mapping soil CO2 ef昀氀ux in an old-growth
forest using regression kriging with estimated 昀椀ne root biomass as ancillary data.
Forest Ecology and Management, 263, 101–113. https://doi.org/10.1016/j.
foreco.2011.09.025

Kaiser, C., Fuchslueger, L., Koranda, M., Gorfer, M., Stange, C. F., Kitzler, B., …

Richter, A. (2011). Plants control the seasonal dynamics of microbial N cycling in a
beech forest soil by belowground C allocation. Ecology, 92(5), 1036–1051. https://
doi.org/10.1890/10-1011.1

Keuskamp, J. A., Dingemans, B. J. J., Lehtinen, T., Sarneel, J. M., & Hefting, M. M.
(2013). Tea Bag Index: A novel approach to collect uniform decomposition data
across ecosystems. Methods in Ecology and Evolution, 4(11), 1070–1075. https://doi.
org/10.1111/2041-210X.12097

Knorr, M., Frey, S. D., & Curtis, P. S. (2005). Nitrogen additions and litter decomposition:
A meta-analysis. Ecology, 86(12), 3252–3257. https://doi.org/10.1890/05-0150

Kreyling, J. (2020). The ecological importance of winter in temperate, boreal, and arctic
ecosystems in times of climate change. In F. M. Cánovas, U. Lüttge, C. Leuschner, &
M.-C. RisueÞno (Eds.), Progress in botany. progress in botany vol. 81 (pp. 377–399).
Cham: Springer International Publishing. https://doi.org/10.1007/124_2019_35.
Vol. 81.

Kreyling, J., Schweiger, A. H., Bahn, M., Ineson, P., Migliavacca, M., Morel-Journel, T.,
… Larsen, K. S. (2018). To replicate, or not to replicate - that is the question: How to
tackle nonlinear responses in ecological experiments. Ecology Letters, 21(11),
1629–1638. https://doi.org/10.1111/ele.13134

Likens, G. E., Wright, R. F., Galloway, J. N., & Butler, T. J. (1979). Acid rain. Scienti昀椀c
American, 241(4), 43–51. Retrieved from http://www.jstor.org/stable/24965312.

Lu, M., Yang, Y., Luo, Y., Fang, C., Zhou, X., Chen, J., … Li, B. (2011). Responses of
ecosystem nitrogen cycle to nitrogen addition: A meta-analysis. The New Phytologist,
189(4), 1040–1050. https://doi.org/10.1111/j.1469-8137.2010.03563.x

Meier, I. C., Knutzen, F., Eder, L. M., Müller-Haubold, H., Goebel, M.‑. O., Bachmann, J.,
… Leuschner, C. (2018). The deep root system of Fagus sylvatica on sandy soil:
Structure and variation across a precipitation gradient. Ecosystems, 21(2), 280–296.
https://doi.org/10.1007/s10021-017-0148-6

Mikan, C. J., Schimel, J. P., & Doyle, A. P. (2002). Temperature controls of microbial
respiration in arctic tundra soils above and below freezing. Soil Biology and
Biochemistry, 34(11), 1785–1795. https://doi.org/10.1016/S0038-0717(02)00168-2

Minoari, H., & Iwaska, Y. (1996). Rapid change in nitrate and sulfate concentrations
observed in early stage of precipitation and their deposition processes. Journal of
Atmospheric Chemistry, 24, 39–55. https://doi.org/10.1007/BF00053822

Murray, D. S., Shattuck, M. D., McDowell, W. H., & Wymore, A. S. (2022). Nitrogen wet
deposition stoichiometry: The role of organic nitrogen, seasonality, and snow.
Biogeochemistry, 160(3), 301–314. https://doi.org/10.1007/s10533-022-00966-0

Nadim, F., Stapcinskaite, S., Trahiotis, M. M., Perkins, C., Carley, R. J., Liu, S., & Yang, X.
(2003). The effect of precipitation amount and atmospheric concentrations on wet
deposition 昀氀uxes of oxidized and reduced nitrogen species in Connecticut. Water,
Air, and Soil Pollution, 143, 315–335.

Norwegian Meteorological Institute. (2023). EMEP status report 1/2023: Transboundary
particulate matter, photo-oxidants, acidifying and eutrophying components.

Penuelas, J., Janssens, I. A., Ciais, P., Obersteiner, M., & Sardans, J. (2020).
Anthropogenic global shifts in biospheric N and P concentrations and ratios and their
impacts on biodiversity, ecosystem productivity, food security, and human health.
Global Change Biology, 26(4), 1962–1985. https://doi.org/10.1111/gcb.14981

Prado-Fiedler, R. (1990). On the relationship between precipitation amount and wet
deposition of nitrate and ammonium. Atmospheric Environment, 24(12), 3061–3065.
https://doi.org/10.1016/0960-1686(90)90484-5

R Core Team. (2023). R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. Retrieved from https://www.R-pro
ject.org/.

Ritter, E., & Vesterdal, L. (2006). Gap formation in Danish beech (Fagus sylvatica) forests
of low management intensity: Soil moisture and nitrate in soil solution. European
Journal of Forest Research, 125(2), 139–150. https://doi.org/10.1007/s10342-005-
0077-3

Rochester, I. J., Constable, G. A., & MacLeod, D. A. (1992). Preferential nitrate
immobilization in alkaline soils. Soil Research, 30(5), 737–749. https://doi.org/
10.1071/SR9920737
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Abstract

Fine roots play a crucial role in many ecological and biogeochemical processes in temperate forests. Generally, fine root 

biomass is expected to increase during the growing season, when water and nutrient demands are high, but information on 

seasonal variability is still scarce. Here, seasonal differences in root length of European beech (Fagus sylvatica L.) were 

analysed at eight sites within its north-eastern distribution range. Fine roots of mature trees were monitored using minirhi-

zotrons. Scans were taken for three different depths at the beginning of winter, the end of winter and over the summer for 

two consecutive years, and analysed automatically by an AI-algorithm (RootDetector). An additional experiment was carried 

out to show that the RootDetector was unaffected by changes in soil moisture. Root-length density was 40% higher at the 

beginning of winter and 51% higher at the end of winter than in summer. Our results indicate a net root loss during adverse 

conditions in early summer, but no trend towards deeper root growth over these drier periods. Interestingly, the root loss was 

compensated afterwards during more favourable conditions in autumn. We could show that fine root length in temperate 

forests is seasonally more variable and, so far, less predictable than previously assumed. A profound understanding of this 

seasonal variability is important for modelling terrestrial biogeochemical processes and global carbon fluxes.

Keywords Belowground · Fagus sylvatica L. · Minirhizotron method · Temperate forest · AI root detection

Introduction

Belowground biomass in forest ecosystems plays a funda-

mental role in the global carbon cycle (Jackson et al. 1997). 

Roots account for more than 20% of total forest biomass (Ma 

et al. 2021), and their contribution to net primary production 

is even higher (Jackson et al. 1997), because of high turnover 

rates of fine roots (< 2 mm in diameter). In terrestrial eco-

systems, fine roots are responsible for acquiring essential 

soil resources (McCormack et al. 2015). In spite of their 

high relevance for ecological and biogeochemical processes, 

information on the temporal dynamics of fine roots is still 

scarce compared to the aboveground plant organs.

In contrast to shoots, roots do not experience winter 

dormancy (Fernandez and Caldwell 1975; Malyshev et al. 

2023). Belowground growth of temperate broadleaved trees 

is possible throughout the entire year in temperate broad-

leaved trees (Resa 1877), but growth of European beech 

(Fagus sylvatica L.) usually ceases if soil temperatures fall 

below 2.5 °C (Schenker et al. 2014). Above- and below-

ground phenology are thus not necessarily in-sync with each 

other (Blume-Werry et al. 2016; Radville et al. 2016; Maly-

shev et al. 2023). If root production happens during winter 

or very early in the growing season (e.g. Gaul et al. 2008), 

growth can be fuelled by carbohydrates that are stored in 

woody tissues in autumn (Najar et al. 2014). Fine root pro-

duction is usually reduced during winter (Alvares‐Uria and 

Körner 2007; McCormack et al. 2014; Schenker et al. 2014) 
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and increases during April in European beech, shortly before 

the growing season starts (Mainiero et al. 2010). Peaks 
appear at the time of bud burst in spring and in early sum-
mer (Mainiero et al. 2010; Montagnoli et al. 2014). This tim-
ing is assumed to balance between carbohydrate availability 
from photosynthesis and periods of optimal temperatures, 
water and nutrient supply (Radville et al. 2016). Once estab-
lished, lifespan of fine roots is highly variable and depends 
on endogenous factors, but also on external abiotic factors, 
time of the year and tree constitution (Leuschner 2020). Fine 
root longevity estimates for European beech range from less 
than 77 days (Mainiero et al. 2010) to 412 days (Mariën 
et al. 2021) and even to more than 1000 days under optimal 
conditions (Meier and Leuschner 2008b). Pregitzer et al. 
(2000) and Mainiero et al. (2010) found a decrease in aver-
age root longevity and an increase in root mortality during 
the growing season, likely due to higher respiration rates 
and increased microbial activity at higher soil temperatures. 
Generally, fine root mortality in temperate forests seems to 
be more evenly distributed throughout the year than fine 
root growth.

The development of European beech total fine root bio-
mass and length is a complex result of strong environmental 
influences on root production and root mortality, with higher 
root turnover in more stressful environments and little dif-
ference between populations (Meier and Leuschner 2008b; 
Hertel et al. 2013). Beech total root biomass increased along 
a precipitation gradient in western Germany towards sites 
with less annual precipitation (Hertel et al. 2013). In a for-
est within the species’ southern distribution range, total 
fine root length and standing biomass determined by soil 
cores peaked in mid-July with a second increase in Sep-
tember (Montagnoli et al. 2014). Length and mass of very 
fine roots (d < 0.5 mm) was doubled from May to July and 
followed a second-order polynomial relationship for soil 
moisture (optimum around 50 vol.%) and soil temperature 
(optimum 14 °C). Fine root biomass and length also peaked 
in a Quercus forest in July and a second but lower peak was 
observed in October, whilst values during the winter period 
were lowest (Montagnoli et al. 2019).

One of the most common methods used for belowground 
studies is the minirhizotron method (Johnson et al. 2001). In 
contrast to soil cores and ingrowth cores, it provides a non-
destructive option for long-term monitoring of root dynam-
ics (Freschet et al. 2021). As a ground-breaking innovation 
in recent years, there are now ways to analyse root images of 
minirhizotrons much faster and more reliably using artificial 
intelligence with the aim to overcome the logistic limita-
tion of small sample sizes in root research and provide more 
robust and generalisable results (e.g. Peters et al. 2023). 
However, the validity of these algorithms is still an ongoing 
topic and the capabilities and accuracies are continuously 
being improved. One of the remaining questions is whether 

the root detection probability is affected if the visual con-
trast between roots and soil is modified by changes in soil 
moisture.

To advance such novel techniques of root research and to 
investigate root dynamics in Central Europe’s most impor-
tant forest ecosystem type, we analysed seasonal patterns in 
root length density of European beech at its north-eastern 
distribution range using minirhizotrons. Root scans were 
taken from 2021 to 2023 at the beginning of winter, end of 
winter and in summer at eight sites along a large climatic 
gradient (∆ mean winter temperature = 4.0 K) between Ros-
tock in Germany and Gdansk in Poland. Root-length den-
sity was defined as the root length per scanned area of the 
minirhizotron tube surface and determined with the RootDe-
tector (Peters et al. 2023). We hypothesised that (1) the root-
length density follows a clear seasonal pattern with higher 
root-length density in the summer compared to the begin-
ning and end of winter. To confirm the validity of our results, 
we also performed an experiment that tested whether the 
root detection probability differed with soil moisture, as this 
was considered to be the most important factor potentially 
complicating comparison between seasons. We expected that 
(2) roots are better detectable in wet soils than in dry due to
better soil-tube contact and higher visual contrast between
the darker soil and mostly bright roots in wetter soil.

Material and methods

Field sites and tree selection

Root length was monitored at eight forest sites dominated by 
mature European beech located in the Pleistocene lowlands 
of Northeast Germany and Northwest Poland (Weigel et al. 
2021). These sites were distributed along a climatic gradi-
ent of 500 km with decreasing winter temperatures from 
west to east (Fig. 1), covering stands from the central to the 
north‐eastern distribution margin of European beech (Bolte 
et al. 2007). The study sites were covered by monospecific 
beech stands with their typically very sparse and species-
poor understory mainly consisting of small-statured spring 
geophytes and a limited number of small beech seedlings 
(Weigel et al. 2019), which are almost absent in terms of 
aboveground biomass at our sampling dates. Therefore, 
we assume that the roots observed in this study originate 
predominantly from mature beech trees. Selection of the 
sites focussed on choosing stands with similar pedological 
and hydrological conditions. The soil type at all sites was 
sandy Cambisol with similar soil texture, mostly sandy silt 
to silty sand (Weigel et al. 2021). The climate at the warmest 
sites (BH, HH) is characterised by relatively mild winters 
with long-term means of coldest month mean air tempera-
tures around 0 °C, whilst the eastern sites are below -3 °C 
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(Haylock et al. 2008). Long-term mean annual precipitation 
ranged from 520 to 650 mm (ESM3). The study winters were 
warmer than usual, mean coldest month temperatures ranged 
from  – 1.3 °C to 1.8 °C in winter 2021/22 and from -0.6 °C 
to 1.0 °C in winter 2022/23 (for further details and average 
winter temperatures see ESM4). Also, the early growing 
season between April and June was drier than the long-term 
means in both study years (precipitation Apr – Jun long-
term: 138–158 mm, Apr–Jun 2022: 78–120 mm, Apr–Jun 
2023: 59–129 mm), whilst the annual precipitation sums 
were only slightly lower than usual at most sites (ESM3). A 
dendrochronological pre-study was carried out to identify 
three mature beech trees that best represented the growing 
conditions at each site (Weigel et al. 2018) and one of these 
was randomly chosen for the root-length monitoring (three-
fold replication only at the coldest site KA). Tree diameters 
ranged from 36 to 49 cm, heights from 29 to 40 m and age 
from 82 to 181 years, when the study sites were established 
(Weigel et al. 2018). The gradient design as well as different 
tree ages across sites allow for general results representing a 
broad range of beech forest ecosystems at the species’ north-
eastern distribution range.

The target trees were fenced to exclude large mammals 
and six minirhizotron tubes were installed, evenly distrib-
uted around each tree at a distance of 2 to 3 m from the 
trunk in 2016 (NZ site had only three tubes because of rocky 
underground). Half of the tubes reached 30 cm below the 
soil surface and half down to 45 cm below the soil surface. 
About 70% of fine roots occur in the upper 30 cm and fine 
root density decreases exponentially with soil depth (Meier 
et al. 2018). We therefore assume that the vast majority 

of fine roots was captured by our dataset. Minirhizotrons 
(outside diameter 70 mm) were installed at an angle of 45° 
tilted away from the sample tree, capped and taped above-
ground to prevent light entry. Scans of 216 × 196 mm were 
taken by CID-600 root scanners (CID Bio-science Inc., 
Camas, USA) at a resolution of 300 dpi, repeated at two or 
three non-overlapping depth levels, depending on the total 
length of the minirhizotrons. Root scans were taken between 
November 2021 and July 2023 with one measurement at 
the beginning of the winter (beginning of November) and 
one measurement at the end of the winter (end of March/
beginning of April) as well as one measurement during the 
subsequent summer (end of June/ beginning of July), respec-
tively, adding up to six measurement dates covering 2 full 
years. The sampling point in March/ April was chosen to 
sample the state after winter and before the growing season. 
Leaf-out of beech usually starts in April (Kolář et al. 2016; 
Malyshev et al. 2022). July, centred in the growing season 
was chosen to represent the state right after the peak of tree 
growth (Strieder and Vospernik 2021; Debel et al. 2024). 
We expected highest root-length density at this measure-
ment point. November was chosen as sampling point at the 
end of the growing season, shortly after the leaf shedding 
of beech in late October (Schieber et al. 2013), and prior to 
the onset of winter. Due to reduced demand of water and 
nutrient uptake towards the end of the aboveground growing 
season and still warm soils, which may promote root decom-
position, we expected a net loss of roots at this point in time 
compared to summer. Taken together, the net change on 
root-length density between March and July covers the peak 
of the aboveground growing season, the change between July 

Fig. 1  Map of beech forest 
monitoring sites in Northeast 
Germany and Northwest Poland
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and November should cover the presumed decline from peak 
season to start of winter, and the change between Novem-
ber and March covers winter, i.e. the aboveground dormant 
season.

Quantification of root-length density 
with the RootDetector

Root length per scan was determined with the RootDetector, 
a convolutional neural network (CNN) specifically designed 
for the automatic detection and segmentation of plant roots 
in minirhizotron images, as outlined by Peters et al. (2023). 
Utilising a U-Net architecture, RootDetector demonstrates 
high reliability in identifying root structures within highly 
heterogeneous substrates, achieving an F1 score of 0.51 
over the 24 validation pictures annotated manually for the 
given dataset. The F1 score, ranging from 0 to 1, represents 
the harmonic mean between precision and recall and is a 
commonly used metric to assess performance of machine 
learning models. Furthermore, Peters et al. (2023) have 
shown that RootDetector enables precise total root-length 
estimations  (r2 = 0.99 when compared to human experts) by 
employing a secondary skeletonization algorithm and cal-
culating root length using the formula proposed by Kimura 
et al. (1999). Here, Kimura root length per scan expressed 
as mm  cm−2 was used as root-length density.

Soil moisture experiment

To determine whether the automated root detection is 
affected by soil moisture, an experiment was conducted at 
the Hanshagen (HH) forest site at the beginning of Septem-
ber 2023. Three target trees with six minirhizotrons each 
were used for the soil moisture experiment and the upper 
15 cm of the soil were used for the analyses. First, root scans 
were taken from all tubes during a dry period at the end of 
summer and simultaneously the volumetric soil moisture in 
the upper soil was measured by a Fieldscout TDR 300 Soil 
moisture meter (Spectrum Technologies, Aurora, USA). 
Afterwards, the six tubes per tree were randomly assigned to 
three treatments. The first treatment received 40 L of water 
on an area of 1  m2 around the tube in several doses over 
2 h, the second treatment received 80 L and the third group 
was treated as a reference and was not watered at all. After 
a waiting period of three hours, which ensured that the soil 
was evenly moistened but short enough to avoid artefacts 
caused by freshly growing roots (Guilloy et al. 2011), root 
scans and soil moisture measurements were repeated.

Statistical analyses

All statistical analyses were performed using the Software 
R 4.4.0. (R Core Team 2024) and additional packages listed 

in the Online Resource (ESM5). To test for differences in 
root-length density between seasons, ANOVAs were applied 
for linear mixed-effect models. Mixed model formulation 
included the season and depth and their interaction as fixed 
effects and tube nested in site as well as the study year (first 
study year includes start of winter 2021, end of winter 
2022, summer 2022 and the second study year the same for 
2022/23) as random effects, thereby accounting for the spa-
tial and temporal dependencies in the data: root-length den-
sity ~ season * depth + (1|site/tube) + (1|study year). Paramet-
ric assumptions of the linear models (homoscedasticity and 
normal distribution of residuals) were checked visually by 
diagnostic plots and improved by square root transformation.

For the moisture experiment, the data were also analysed 
by ANOVAs of linear mixed effects models. To explore the 
effect of the water treatment on soil moisture, water treat-
ment (0 L/ 40 L/ 80 L) and session (before vs. after water-
ing) and their interaction were included as fixed effects and 
tubeID was used as random effect: Soil moisture ~ water 
treatment * session + (1|tubeID). The same model with root-
length density instead of soil moisture as dependent variable 
was used to search for potential differences in the effect of 
the water treatments on root-length density. Since actual 
root-length density is not expected to change much within a 
few hours, this would indicate differences in root detection 
probability. For visualisation, the ratio between values after 
watering and before watering was calculated, so that values 
deviating from 1 indicate differences between the sessions.

Results

Root-length seasonality

Root-length density was significantly higher at the begin-
ning of winter (2.54 ± 1.77  mm   cm−2) and the end of 
winter (2.73 ± 1.78  mm   cm−2) compared to summer 
(1.81 ± 1.39 mm  cm−2; Fig. 2; p < 0.001). In relative num-
bers, root-length density was 40% higher at the beginning 
and 51% higher at the end of winter than over the summer. 
The general pattern was consistent amongst study sites 
(ESM2) and amongst years with a particularly low root-
length density for summer 2023 (ESM1). Mean values 
at the end of winter did not differ from the beginning of 
winter (p = 0.105). The differences between seasons were 
not affected by rooting depths (interaction season:depth 
p = 0.660), thereby implying no sign of deeper rooting in 
(dry) summers.

Moisture experiment

The water treatment significantly increased soil mois-
ture (water treatment:session p < 0.001), but did not affect 
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root-length density detection (water treatment:session 
p = 0.230; Fig. 3).

Discussion

Seasonal pattern of root length

We found a significantly higher root-length density at the 
beginning (+ 40%) and end (+ 51%) of winter compared to 
summer (Fig. 2). This contradicts previous findings, which 
documented highest fine root length for summer (Montag-
noli et al. 2014, 2019). Root decay apparently exceeded 
production rates during the early growing season, leading 
to a net loss of roots. One explanation for high decay rates 

in spring and early summer could be that roots have already 
died off in winter. Roots of temperate tree species are sus-
ceptible to frost events below  – 5 to  – 10 °C (Noshiro and 
Sakai 1979). Litterbag experiments which we conducted 
during the same period as the root monitoring showed 
that decomposition rates were almost 40% lower during 
winter compared to early summer, so that dead roots may 
have remained in the soil until spring. However, high win-
ter root mortality is not very likely, because almost no soil 
frost appeared during the study winters (absolute minimum 
soil temperature:  – 0.4 °C). Another possible factor might 
be that precipitation was lower than usual during the early 
growing season. Precipitation sums between April and June 
averaged over all sites were 35% lower in 2022 than the 
long-term means (36% in 2023, ESM3). Temperate trees 
react to summer drought either by increased root loss to save 
carbon or by increased growth to maximise water-absorbing 
surface area (Leuschner et al. 2001; Meier and Leuschner 
2008a). For European beech, an increase in fine root biomass 
has been shown under mild water stress, but under severe 
drought, growth is usually supressed (Leuschner 2020). 
At the same time, root mortality increases during extreme 
drought and increased temperatures, leading to a reduction 
in living fine root biomass (Pregitzer et al. 2000). Within the 
analysed upper 45 cm covered by three root images (= 15 cm 
depth per picture), we did not detect any trend towards more 
root growth in deeper and presumably wetter soil horizons 
during the driest period of the year. Whilest several herba-
ceous plants have been shown to root deeper under drier 
conditions (Reader et al. 1993), this seems not necessar-
ily be the case for European beech (Meier and Leuschner 
2008b; Meier et al. 2018). However, a shift of beech roots 
from the organic layer towards the upper mineral soil has 
been documented with decreasing precipitation (Meier and 
Leuschner 2008a). This effect is potentially also present at 
our sites within the upper part of the soil (upper picture), but 
would then only be visible with a finer depth resolution. It 
is also possible that roots grew below the observed depth of 
45 cm. The amount of total biomass or length in deeper soil 

Fig. 2  Root-length density in mm per  cm2 of minirhizotron scans in 
different seasons from autumn 2021 to summer 2023 across eight for-
est sites between Rostock and Gdansk, quantified by the AI RootDe-
tector. Shown are mean values and standard errors over 272 minirhi-
zotron scans per bar. The letters displayed in the bars result from the 
mixed model ANOVA with subsequent pairwise comparison of esti-
mated marginal means

Fig. 3  Effect of the water 
treatment on the volumetric 
soil moisture (left) and on the 
root-length density determined 
by the AI RootDetector (right). 
Moisture and root-length den-
sity ratios were calculated by 
dividing the values after water-
ing by the values before water-
ing (= ambient conditions). Bars 
show means and standard errors 
of six tubes per treatment in the 
upper 15 cm of the soil
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layers is expected to be low (Meier and Leuschner 2008a; 
Meier et al. 2018), but few highly active deep-reaching roots 
specialised into water uptake may have a major importance 
for the trees water supply.

During autumn, fine root growth usually decreases (Rad-
ville et al. 2016). However, growth flushes can still occur 
if environmental conditions allow it, as originally proven 
for various broadleaved tree species including European 
beech by Resa (1877). A second peak during autumn can 
happen even though these are usually lower than early sum-
mer growth peaks (Mainiero et al. 2010). Withington et al. 
(2020) found high variability of temperate tree species in 
the timing of root production peaks across years, with lat-
est peaks in October, suggesting a strong influence of envi-
ronmental conditions. In our study, autumn was relatively 
warm, mean temperatures of October 2021 were 3 °C above 
long-term means (Haylock et  al. 2008). High tempera-
tures in combination with increased soil moisture during 
autumn may have promoted root growth, thereby explaining 
increased root-length density in our dataset during the start 
of the winter. For seedlings of European broadleaved tree 
species, root growth decreases rapidly at temperatures below 
7 °C (Schenker et al. 2014), but growth of European beech 
fine roots stops only when temperatures fall below 2.5 °C 
(Schenker et al. 2014). Even though root-length density did 
not change significantly between start and end of the winter, 
it is possible that root growth continued during winter. If 
so, however, winter growth rates remained in balance with 
decay rates.

Ecological implications

During winter, nutrient and water uptake is negligible. Trees 
will therefore benefit from high fine root length mainly dur-
ing the growing season. On the one hand, high root-length 
density during late winter can be interpreted as a smart 
strategy aiming to maximise root length when the season of 
highest demand starts. However, if these roots are already 
produced during the previous autumn, there is a certain risk 
of significant damage if the newly formed fine roots in the 
upper soil layers are exposed to severe soil frost. Single soil 
frost events are expected to increase in frequency because 
of reduced presence of insulting snow cover as a result of 
climate change (Groffman et al. 2001). Still, we detected 
hardly any potentially harmful soil frost events at the eight 
sites over the two observed winters and previous studies at 
the same sites (Weigel et al. 2021).

The low fine root length during summer without a trend 
towards deeper rooting could be an alarming sign if it was 
indeed a consequence of stressful conditions caused by water 
deficit. Due to climate warming, summer drought in temper-
ate ecosystems is expected to become more frequent and 
severe in the future (IPCC 2021). However, the trees seem to 

be able to compensate for early season root loss during more 
favourable times of the year, e. g. warm and moist periods 
in late autumn.

Xylogenesis dynamics commonly show the end of radial 
growth during early August, whilst leaf senescence does 
not start before October in European beech (Michelot et al. 
2012; Puchałka et al. 2024). So far, we assumed that the 
primary production during that time goes into non-struc-
tural carbohydrates (NSC) to enable leaf sprouting and early 
growth during the next spring. Our study suggests that the 
carbohydrates that are produced when radial tree growth 
has already stopped are potentially also invested into root 
growth.

Methodological considerations

We used a recently developed root detection model to deter-
mine root-length density of European beech in a large data-
set of more than 800 root images. Since the surprising results 
of our data raised the question whether this was an artefact 
of potentially higher root detection probability in response to 
higher soil moisture, we conducted an additional experiment 
to quantify this possibility. We could show that root detec-
tion probability of the RootDetector was not influenced by 
soil moisture. This confirms not only the general quality of 
the RootDetector, but also the validity of our results.

The big benefit of the automized RootDetector is the 
possibility to analyse large datasets with relatively little 
effort. However, the RootDetector provides only absolute 
root-length density values and does not allow for a differ-
entiation between newly grown roots and root decay so far. 
Furthermore, we cannot be sure that the root-length pattern 
would be observed for root biomass as well, as specific root 
length may also differ between seasons. For further inter-
pretation of the data, it would be highly beneficial to back 
up the results with destructive methods such as soil cores 
or ingrowth-cores, as this would allow for differentiation 
between alive and dead but not yet decomposed roots (e.g. 
by TTC staining; Comas et al. 2000), which is not accounted 
for with the minirhizotron method.

Considering the little effort required for image analysis 
with the RootDetector, further research should increase the 
frequency of measurements. A higher temporal resolution 
would allow for deeper interpretation of the root-length pat-
tern. Previous studies show that time intervals of two to four 
weeks would be ideal (Mainiero et al. 2010; Withington et al. 
2020). However, this might be accompanied by a decrease in 
the number of monitoring sites due to practical constraints. 
A main insight from our study is that we observed the same 
temporal pattern between climatically quite different moni-
toring sites all across the north-eastern distribution range 
of European beech. This study may therefore indicate that 
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it is possible to draw generalizable conclusions even from 
single or few sites.

Conclusion

Root-length density of European beech was higher at the 
start (+ 40%) and the end (+ 51%) of winter than in mid-
summer during 2 consecutive years at eight sites across the 
species’ north-eastern distribution range. This finding proves 
the high intra-annual variability in root length of European 
beech. A reduction of root-length density during adverse 
conditions seems to be compensated afterwards during more 
favourable periods of the year. The lack of a trend towards 
deeper root growth over the dry periods, however, might be a 
worrying signal. A profound understanding of the seasonal-
ity of fine root dynamics is crucial for modelling terrestrial 
biogeochemical processes and global carbon fluxes. Our 
study indicates that they are more variable and, so far, less 
predictable than previously assumed.
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Abstract 

A major aim of experimental and observational ecology is to quantify responses to 

environmental change. Study designs which optimally capture response patterns are currently 

debated. A key point in the discussion is how a limited total number of samples should ideally 

be allocated to replication versus the number of locations along the environmental gradient.  

Here, we assess how to optimally allocate sampling effort for maximizing prediction accuracy 

in gradient designs. For this we performed artificial data simulations for different sampling 

approaches with or without a priori knowledge of the underlying patterns, and applied a set of 

commonly observed response shapes. Overall, unreplicated sampling with equidistant, 

systematic placement along the gradient of interest at as many locations or levels as affordable 

turned out to be the best approach for unknown response shapes. Replication was found to be 

beneficial when a priori knowledge exists about the underlying, simple (e.g. linear or humped) 

response shape. Unreplicated designs will serve for covering investigated gradients more 

densely and for pushing experimental systems beyond historical and forecasted extremes. The 

latter will be decisive for global change impact research, as it enhances our understanding of 

stressor–response relationships and thresholds in state and impact beyond already realized 

environmental conditions. 

  



Second language abstract (German) 

Ein wichtiges Ziel der experimentellen und beobachtenden Ökologie ist die Quantifizierung 

von Reaktionen auf Umweltveränderungen. Derzeit wird über Studienkonzepte diskutiert, die 

Reaktionsmuster optimal erfassen. Ein zentraler Punkt in der Diskussion ist die Frage, wie eine 

begrenzte Gesamtzahl von Proben idealerweise für die Replikation im Vergleich zur Anzahl 

der beprobten Lokationen entlang eines Umweltgradienten aufgeteilt werden sollte. Hier wird 

untersucht, wie Ressourcen für die Probenahme optimal verteilt werden können, um die 

Vorhersagegenauigkeit in Gradienten-Designs zu maximieren. Zu diesem Zweck haben wir 

künstliche Datensimulationen für verschiedene Stichprobenansätze durchgeführt und eine 

Reihe von häufig beobachteten Reaktionsformen angewendet. Insgesamt erwies sich die nicht 

replizierte Probenahme mit äquidistanter, systematischer Platzierung entlang des untersuchten 

Gradienten an so vielen Lokationen wie möglich als der beste Ansatz für unbekannte 

Antwortformen. Wiederholungen erwiesen sich als vorteilhaft, wenn vorab Kenntnisse über die 

zugrundeliegende, einfache (z. B. lineare oder quadratische) Antwortform vorhanden sind. 

Unreplizierte Beprobung kann dazu beitragen, die untersuchten Gradienten dichter zu erfassen 

und die Versuchssysteme über die historischen und prognostizierten Extreme hinaus zu 

manipulieren und zu beproben. Letzteres wird für die Erforschung der Auswirkungen des 

globalen Wandels von entscheidender Bedeutung sein, da es unser Verständnis bezüglich der 

Beziehungen zwischen Stressor und Reaktion sowie der Identifikation von Schwellenwerten 

bei Reaktionen jenseits bereits realisierter Umweltbedingungen verbessert. 

  



Introduction 

A key aspect of ecological research is to quantify ecological responses to environmental change. 

Ecological responses are often characterized by high degrees of non-linearity, which can 

strongly decrease prediction success and, thus, inference that can be drawn from conventional, 

replicated study designs (Schweiger 2017; Kreyling et al. 2018). Gradient studies, which 

analyze responses along continuous environmental gradients, have been proposed as the most 

appropriate approach for detecting response patterns with high prediction accuracy (Schweiger 

et al. 2016; Kreyling et al. 2018; Manning 2019). Response patterns deduced from such gradient 

studies may not only advance ecological understanding, but can also inform models used for 

projecting possible future ecosystem responses as an important tool for e.g. climate change 

impact assessments (De Boeck et al. 2020). 

Gradient designs and analyses are frequently used in subdisciplines of ecology such as 

vegetation ecology, biogeography or macroecology. However, they remain underrepresented in 

other fields such as experimental ecology. While the quantification of ecological response 

patterns is of key interest in experimental ecology, based on our literature review, researchers 

seem to have predominately applied inappropriate sampling designs and analytical approaches 

when studying these responses during the last decades (i.e. analysis of group contrasts, black 

bars in Figure 1 and Figure S1 for temporal development).  

Figure 1. Appropriate and inappropriate analytical approaches chosen in ecological experimentation with 

interest in either group comparison (contrasts) or response patterns. The analysis was based on an annually 

stratified random sample of 210 papers published between 1988 and 2022. Grey bars indicate an appropriate 

use of either contrasts or pattern analysis based on the stated hypotheses and applied statistics, i.e. the black 

bar indicates papers where pattern analysis would have been the better choice according to the hypotheses, but 

group contrasts were compared. Detailed methodological description for the systematic, non-exhaustive 

literature review is provided in the Supplementary Material (Methods S1). 

 

  

   

   

                 
                   

 
  

  
   

   
  

  
 

                      
                    



In this non-exhaustive literature review, we defined appropriate designs as ANOVA/t-test for 

categorical drivers or explanatory variables and any sort of regression analyses for continuous 

ones. Although both types of tests are mathematically similar, they are intended to answer 

different types of questions, i.e. is there a significant difference in the response of two or more 

groups vs. is the relationship between an environmental driver and a response significant. Thus, 

analyzing for contrasts using an ANOVA/t-test when one is actually interested in a continuous, 

linear or non-linear relationship between a driver and a response is inappropriate. 

Replication is a crucial component of sampling design, especially when contrasts between 

different groups are analyzed (e.g. in classical treatment vs. control experimental designs). This 

holds true also for gradient designs, where a high number of replicates for each sampling 

location along the investigated gradient would be beneficial for prediction accuracy if resources 

are unlimited for sampling. However, given the limited number of samples which can be 

realistically taken, an inevitable trade-off emerges between replication and the number of 

sampling locations which can be considered to cover the environmental gradient of interest. 

This trade-off has provoked discussions about the optimal sampling procedure, i.e. whether to 

put more emphasis on the number of sampling locations or experimental levels at the expense 

of replication at the sampling location or whether to put more emphasis on replication but with 

fewer locations or levels sampled along the gradient of interest (Oksanen 2001; Davies and 

Gray 2015; Schweiger et al. 2016; Kreyling et al. 2018; Chalcraft 2019). Here we define 

replicates as the number of samples taken at a single sampling location along the driver gradient 

with <unreplicated= meaning one sample (cf. Schweiger et al. 2016; Kreyling et al. 2018). The 

response variable under investigation can thereby represent any kind of response such as e.g. 

species richness, photosynthetic rate, biomass, phylogenetic diversity in ecological studies. 

This response varies continuously along a gradient of an environmental driver used as the 

explanatory variable, which, in turn, can represent in ecological studies any kind of spatial or 

temporal change of environmental conditions (e.g. spatial/temporal change of temperature, pH, 

disturbance intensity). Replications are independent samples taken at identical environmental 

gradient or manipulation levels in field surveys or experiments. What is known from previous, 

quantitative studies on the role of replication in gradient studies is that without a priori 

knowledge of the underlying response shape and randomly selected sampling locations along 

the gradient, unreplicated designs outperform replicated designs in their prediction accuracy for 

a given sampling effort (Kreyling et al. 2018). Literature on the spatial balancing, however, is 

highlighting the importance of representative, spatially balanced, thus, systematic sampling 

along the entire gradient of interest especially when there are strong trends in the sampled, 



statistical populations (Grafström, Lundström, and Schelin 2012; Robertson et al. 2022; Stevens 

and Olsen 2004). Replicated designs have been shown by Chalcraft (2019) to yield higher 

prediction success when (1) the underlying response shapes are simple such as linear or 

quadratic (humped) relationships, (2) the response shape and gradient length are a priori known 

and (3) samples are placed equidistantly and systematically along the gradient of interest. These 

contrasting perspectives on the importance of replication differ in three aspects, (1) the different 

metrics of prediction accuracy used in the two studies, (2) differences in sampling strategy, i.e. 

random placement of sampling locations along the investigated gradient vs. an equidistant, 

systematic sampling and (3) the assumption on whether the underlying response shape to be 

analyzed is a priori known or unknown. These apparent differences lead to the assumption that 

sampling strategy, i.e. the decision where to locate sampling along the investigated gradient, 

might be decisive for defining whether replication at the expense of sampling locations has 

positive or negative effects on prediction accuracy. Sampling strategy is further expected to be 

strongly affected by a priori knowledge on the underlying response shape as well as the length 

of the investigated gradient. However, understanding the effects of sampling strategy still 

insufficient although certain aspects such as the sampling of regions representing high variance 

in the response are well explored since decades (Horvitz und Thompson 1952 and related 

literature). 

In this study, we extended the artificial data simulations from the previous studies of Kreyling 

et al. (2018) and Chalcraft (2019) for different sampling approaches, combining different 

sampling procedures (i.e. how to trade off number of sampling locations against number of 

replicates per location) and sampling strategies (i.e. where to place sample locations along the 

investigated gradient) used in regression-type analyses (for methodological details see the 

Online Methods section). We tested this for a set of six response shapes representing typical 

shapes commonly observed in ecology (Figure 2).  

We focused on the effects of different sampling approaches on the prediction accuracy in 

relation to the effects of replication. We furthermore tested for the effects of model assumptions, 

i.e. whether the underlying response shape is a priori known. We investigated these effects for 

the two different measures of prediction accuracy used by Kreyling et al. (2018) and Chalcraft 

(2019). Kreyling et al. (2018) quantified prediction accuracy as the deviation between the 

response shape obtained from the predicted response based on the different sampling strategies 

and procedures and the 8true9, known underlying response shape, i.e. multiple R2 of a linear 

regression between predicted and 8true9 response values. Chalcraft (2019) criticized this 

approach for not measuring the degree to which predicted and true values match, but only the 



degree to which they correlate. He proposed an alternative approach where he forced the 

regression between predicted and 8true9 response values through zero and on a slope of one, 

measuring the degree to which predicted and true values perfectly match. In addition, we added 

a third measure of prediction accuracy based on the root mean square error (RMSE) to achieve 

a balanced view on different perspectives. We finally accounted for the effects of gradient 

length on prediction accuracy. 

Based on our previous evidence, we assume that the sampling procedure in interaction with the 

sampling strategy would have significant effects on prediction accuracy in gradient studies. 

More specifically, we expected that replication would increase prediction accuracy when the 

underlying response shape is a priori known and, thus, also the locations of the critical response 

points  along the environmental gradient are known and accounted for in the sampling approach. 

We expected this to be especially relevant for non-linear response shapes, i.e. shapes that cannot 

mathematically be described as a simple linear model in the form of y=a∙x+b. However, we 

expected replication to yield lower prediction accuracy when the underlying response shape is 

unknown and, thus, critical response points are unknown and therefore not accounted for in the 

sampling approach. We defined critical response points as locations along the environmental 

gradient where sampling is crucial for an accurate prediction of the studied response along this 

gradient. These can be response extremes, i.e. maximum or minimum response values along 

the studied gradient, or regions of strong response changes, i.e. regions of maximum slope of 

the response pattern – or a combination of both (Figure 2). The idea of critical response points 

thereby follows the idea of sampling high variance sites by Horvitz and Thompson (1952) and 

subsequent studies in the statistical literature. Based on our analyses, we derived 

recommendations on how to optimize sampling approaches in observational and experimental 

ecological research, including when to replicate and when to apply non-replicated study 

designs. Furthermore, we provide recommendations on optimized sampling strategies, i.e. 

where to best sample along gradients. 

 

 

Material and Methods 

 

Artificial data simulations  

We performed simulations based on artificial data similar to Schweiger et al. (2016). To be 

fully comparable to Chalcraft (2019), we focused on one-factorial responses. We varied four 

parameters in our simulations: (1) response shape (i.e. mathematical function underlying the 



observable response along a gradient of environmental conditions), (2) sampling procedure, (3) 

sampling strategy, and (4) level of stochasticity in the response (see introduction for details). 

We simulated six different linear to highly nonlinear response shapes representing typical and 

varied shapes frequently used in ecology and other disciplines of natural sciences to describe 

response patterns (Figure 2). Each response shape simulates a response variable (y; e.g. any 

numeric biotic variable) in response to a numeric environmental driver (x). The specific 

responses of y to changes in x were formulated as linear or nonlinear functions of the form yi = 

fi(xi) (Schweiger et al. 2016; Kreyling et al. 2018; Chalcraft 2019). For transferability and to 

allow general conclusions, we scaled our variables in arbitrary units (cf. Schweiger et al. 2016; 

Kreyling et al. 2018). 

 



Figure 2. The six response shapes on which the different sampling strategies (i.e. where to place samples along 

the investigated gradient) and procedures (i.e. how to trade off number of sampling locations against number of 

replicates per location) were tested in the artificial data simulations. Besides the systematic (equidistant systematic 

and log systematic) and random sampling strategies, preferential sampling strategies that account for critical 

response points (slopes and/or extremes) were tested, which would in practice only occur with detailed, a priori 

knowledge of the response patterns. Theoretical sampling probabilities of these three optimized sampling 

strategies along the studied gradient are shown with the three blue-to-red color bars below each response shape. 

Additionally, distribution of sampling locations for the six different sampling strategies along the predictor 

gradient are exemplified below each response shape for 12 sampling locations. Note that the sampling locations 

for all but the equidistant systematic and the log systematic sampling strategies differ slightly (preferential 

sampling) to strongly (random sampling) between single simulations runs. 

 

Different sampling procedures were realized by systematically varying the number of total 

samples drawn from the underlying response shape and the number of locations at which these 

samples were placed. We used 6 to 96 samples to cover the range of total sample sizes 

commonly realized in univariate ecological experiments. This total number of possible 

observations can either be used for covering the study gradient with many sampling locations 

and, thus, reducing (or completely abolishing) replicates at each sampling location, or on the 

contrary for increasing the number of replicates sampled from fewer sampling locations along 

the gradient. Our sampling procedures are therefore combinations of 3 to 96 locations sampled 

and 1 to 32 replicates per location. 

We considered six sampling strategies, differing in the way the number of sampling locations 

were placed along the driver gradient. Besides random selection of sampling locations (cf. 

Kreyling et al. 2018) and an equidistant, systematic sampling (with the two ends of the gradient 

always sampled; cf. Chalcraft 2019), we applied a set of four preferential sampling strategies 

to account for critical response points. Criticality of sampling locations was quantified (1) as 

the slope of the respective response curves at the specific location (the higher the slope at a 

particular location the higher the criticality of the response value at this location), (2) as the 

extremeness of the response value at a specific location (relative to the arithmetic mean of the 

minimum and maximum of all response values along the studied gradient), and (3) as a 

combination of both factors equally weighted. These criticality values were standardized and 

used to quantify sampling probability of the locations along the investigated gradient in an 

adjusted, randomized sampling. To account for a non-linear scaling of the environmental 

gradient, we additionally applied a log systematic sampling strategy, where we sampled 

equidistantly distributed on a log-scale along the driver gradient. Such non-linear scaling of the 

driver gradient is a common feature e.g. in water or light response curves conceptualized in 



ecophysiological reaction norms. Preferential sampling as realized in these simulations might 

appear to be unrealistic in practice when a priori knowledge on the underlying response shape 

is entirely missing. However, such a priori knowledge can be obtained from pre-studies or 

literature, allowing for the design of preferential sampling strategies also under real-world 

conditions. 

Different levels of stochasticity in the response variable were tested for all different sampling 

procedures and strategies applied to the different response shapes by allowing the sampled 

response values (y) at each sampled location to scatter around the 8true9 response values with a 

normal distribution corresponding to 20% (i.e. c. 85% percentile) or 100% (100% percentile) 

of the absolute response value at this location (cf. Kreyling et al. 2018). Information about the 

levels of random noise in 8real-world9 data is extremely rare. Richardson et al. (2012) estimated 

random noise to reach a maximum of 23% of total variation for eddy flux measurements – a 

highly uncertain method in environmental science. Kelly et al. (2009) reported similar levels of 

random noise for assessments based on species community composition, which ranged between 

3 and 22% of total variation (on average 11.3 ± 4.6%). Based on these observations, we assume 

our 20% noise scenario as a close-to-real world scenario, which will be of practical use in many 

situations, whereas our 100% noise scenario has to be considered as a very extreme, 8high-

noise9 scenario. 

 

Analysis of simulations 

We used polynomial regression for pattern prediction and interpolation. For the unknown 

response shape scenario, we allowed the algorithm to choose the best fitting model for the 

sampled test data from a set of polynomial equations (1st to 4th order) based on minimal AIC. 

For the scenario where we assumed the response shape to be a priori known, we selected the 

prediction model which represented the respective response shape. For each test data set / each 

selected prediction model, we checked the ability to reveal the true underlying response shape 

by quantifying prediction accuracy through plotting predicted against the true response values. 

We quantified prediction accuracy by using the two methods of Kreyling et al. (2018) and 

Chalcraft (2019) plus an additional measure for prediction accuracy based on root mean square 

error (RMSE) and compared the three approaches. According to Kreyling et al. (2018), we 

quantified prediction accuracy as the deviation between the response shape obtained from the 

predicted response based on the different sampling strategies and procedures and the 8true9, 

known underlying response shape, i.e. multiple R2 of a linear regression between predicted and 

8true9 response values based on a fixed number of 1000 equidistantly spaced locations. Multiple 



R² thereby measures how closely predicted values fall along a line, which describes how 

predicted and true values covary with each other.  

Chalcraft (2019) criticized multiple R² for not measuring the degree to which predicted and true 

values match, but only the degree to which they correlate. We therefore pursued an alternative 

approach and forced the regression between predicted and 8true9 response values through zero 

and on a slope of one, measuring the degree to which predicted and true values perfectly match 

(see Chalcraft 2019 and simulation R code in the supplementary material). In the third approach, 

we quantified the root mean square error (RMSE) based on the predicted and 8true9 response 

values for a fixed number of 1000 equidistantly spaced locations. For better comparison with 

the multiple R2 and Chalcraft approaches, where higher values indicate higher prediction 

accuracy, we here used negative RMSE as the measure of prediction accuracy. RMSE shows a 

linear relation to increasing noise, which is in contrast to the non-linear behavior of multiple R2 

and Chalcraft9s prediction success (Supplementary Material Figure S2). 

To evaluate the success of revealing the known underlying response shapes, we repeated 

sampling 1000 times for each combination of total number of experimental units, number of 

locations and number of replicates. To test our hypotheses, we analyzed the output of our 

simulations by comparing four different models (see Table 1). 

 

Table 1. Four different models representing the different hypotheses on the effects of replication, total sample size, 

a priori knowledge on the underlying response shape and length of the predictor gradient on prediction accuracy 

in gradient studies. Terms in parentheses are random effects (random intercepts expressed in the following as 1|x) 

accounted for in the linear mixed effect models with one or two (interacting) fixed effects. 

 

Model Structure 

 

 

1 Prediction accuracy ~ # replicates + (1|total sample size) + (1|predictor extremes included) + (1|a priori knowledge) 

2 Prediction accuracy ~ # replicates * predictor extremes included + (1|total sample size) + (1|a priori knowledge) 

3 Prediction accuracy ~ # replicates * a priori knowledge + (1|total sample size) + (1| predictor extremes included) 

4 Prediction accuracy ~ # replicates * total sample size + (1|a priori knowledge) + (1|predictor extremes included) 

 

Gradient length covered by sampling locations can potentially influence the quantification of 

the prediction accuracy, as longer gradients tend to result e.g. in higher R². Furthermore, real 

ecological gradient studies might lack knowledge about total length of the driver gradient. To 

account for the effect of the sampled gradient length on the accuracy to predict the response of 

interest, we repeated all simulations with the two ends of the driver gradient always being 



sampled (scenario: <with predictor extremes=). Effects of replication on prediction accuracy 

were tested using robust linear mixed effect models Total sample size, gradient length (i.e. with 

and without predictor extremes) as well as the existence (or lack) of a priori knowledge of the 

underlying response shape were tested either as fixed effects in interaction with replication or 

as random effects (random intercepts expressed in the following as 1|x) depending on the 

hypothesis tested (see Table 1 for the four tested hypotheses) as formulized in the four different 

models (see the four different model formulations in Table 1), implemented using the lmer()- 

command of the lmerTest-R-package (v.3.1-3; Kuzentsova et al. 2017). Each of the four 

different model formulations thereby represent different hypotheses of the effects of replication 

without interaction (Model 1) or in interaction with gradient length (Model 2), a priori 

knowledge on the underlying response shape (Model 3) and total sample size (Model 4). 

Response shape was treated as random effect (random intercept) to increase generality of our 

results. For each model, we calculated marginal and conditional R² using the r.squaredGLMM() 

function of the MuMIn-R-package (v.1.43.17; Barton 2020). For each model, the relative 

contribution of each individual predictor as well as the shared contribution of interacting 

predictors were quantified using the variation partitioning approach proposed by Legendre 

(2008) based on marginal R2. All simulations and analyses were performed in R (R Core Team 

2021) with a level of significance being set to alpha=0.05. 

 

 

Results 

 

The effect of replication on prediction accuracy 

Replication showed significant negative effects on prediction accuracy for 94% (multiple R2), 

33% (Chalcraft9s prediction success) and 39% (RMSE) of all tested cases at 20% noise (results 

of a linear mixed model accounting for knowledge on the underling response shape, Figure 3 

and Table S1 for details). Positive effects of replication were detected in 0% (R2 and Chalcraft) 

and 3% (RMSE), whereas non-significant effects were observable in 6, 58 and 67% of all tested 

cases for multiple R2, RMSE and Chalcraft9s prediction success, respectively. Similar patterns 

were observable for 100% of noise despite for Chalcraft9s prediction success, for which no 

significant effects of replication were observable (see Supplementary Fig. S3 and table S1 for 

more details). 

 

 



 

 

The number of replicates in combination with the a priori knowledge on the underlying 

response shape (i.e. Model 3) turned out to be the best set of explanatories for prediction 

accuracy, i.e. multiple R2 (see Marginal R2 in Table 2). For this model, replication turned out 

to be the main explanatory of prediction accuracy, with 23 ± 31% (arithmetic mean ± standard 

deviation) of explained total variation for 20% of noise and 31 ± 32% for 100% of noise 

(Figure 4 as well as Fig. S4 and S7). Explanatory power of a priori knowledge of the underlying 

response shape and its shared predictive power with replication was significantly lower (i.e. 

2.0 ± 4.2% with 20% noise as well as 0.70 ± 1.3% for 100% noise; in all cases p<0.001 in multi-

comparison tests). 

All other predictor combinations, i.e. replication without interaction (i.e. Model 1), replication 

in interaction with gradient length (i.e. Model 2) or total sample size (i.e. Model 4) showed 

significantly less effects on prediction accuracy (i.e. multiple R2) and were not statistically 

different from each other. In all these models, the individual effect of replication on prediction 

accuracy was low (see Figures S3 and S6). 

For RMSE and Chalcraft9s prediction success, all predictor combinations (Models 1 to 4) 

showed very low explanatory power with no significant differences between the different 

models, except for Chalcraft9s prediction success at 100% noise, where the replication-only 

model (i.e. Model 1) explained significantly less variation than the other models where 

Figure 3. Effect of replication on prediction accuracy for a given number of samples. Effects were quantified for 

prediction accuracy measures based on multiple R2 (a), Chalcraft’s prediction success (Chalcraft 2019, b) and 

negative RMSE (c) for 20% noise. A priori knowledge of the underlying response shape was accounted for in a 

linear mixed effect model (Model 3 in Table 1). Results for 100% noise are summarized in Fig. S11.  



replication interacted with the other explanatories. Relative contributions of replicates, a priori 

knowledge of the underlying response shape and their combination were all minor (see 

Supplementary Figures S5, S6, S8 and S9). Details on the individual model statistics for the 

different sampling strategies and response shapes are available in Table S2 to S7. 

 

 

 

 

 

Figure 4. Relative contributions of replicates, a priori knowledge of the underlying response shape, length of the 

sampled gradient (i.e. extremes in-/excluded) and total sample size for explaining prediction accuracy (i.e. 

multiple R2). Depicted are the relative contributions (i.e. portion of explained variation) for each single 

explanatory and their interactions (i.e. shared). The outcome is shown for 20% (a-c) and 100% (d-f) random 

variation (noise) in the response. Depicted effects are replicates*a priori knowledge (a and d), replicates*gradient 

length (b and e) and replicates*total sample size (c and f). The tested, linear mixed effect models correspond to 

model 2 to 4 defined in the methods section. Residuals of the individual models, which correspond to the portion 

of unexplained variation, are depicted in Fig. S3 and S6. 



Table 2. Sensitivity of the three measures of prediction accuracy used in this study, i.e. Chalcraft’s prediction 

success (Chalcraft 2019), multiple R2 and RMSE. Depicted is the sensitivity of prediction accuracy, i.e. amount of 

variation explained by different combinations of simulation settings (i.e. sampling procedure and strategy) real-

ized by different mixed effect models for different levels of random noise in the response (i.e. 20% and 100%). Dif-

ferences in the explanatory power of the different sets of predictors (i.e. number of replicates, gradient length, a 

priori knowledge on the underlying response shape and total sample size) were tested based on Marginal R2 (Marg 

R2) values for the different measures of prediction accuracy with significant differences being indicated by different 

letters. Significant differences in the sensitivity of the different measures of prediction accuracy were tested based 

on Conditional R2 (Cond R2) and are indicated by different letters. The effects of gradient length are quantified as 

predictor extremes being ex-/ or included while the effects of a priori knowledge have been quantified and response 

pattern is a priori known or unknown. For more details see the methods section as well as Tables S1 to S6. 

∙ 10

∙ 10

∙ 10 ∙ 10 ∙ 10 ∙ 10 ∙ 10 1.4 ∙ 10 ± 1.5 ∙ 10

∙ 10 ∙ 10 ∙ 10 ∙ 10 1.5 ∙ 10 ∙ 10

∙ 10 ∙ 10 1.4 ∙ 10 ∙ 10

∙ 10 .9 ∙ 10 ∙ 10 .7 ∙ 10

 

The effect of sampling strategy 

Prediction accuracy differed among the different sampling strategies with equidistant, systemat-

ic sampling yielding highest prediction accuracy. This was consistent across the three different 

measures of prediction accuracy, the different noise levels as well as independent of a priori 

knowledge of the underlying response pattern (Supplementary Table S8-10 and Fig. S 10-12). 

 

Differences among the prediction accuracy measures 

Comparing the three measures of prediction accuracy, multiple R2 showed significantly higher 

sensitivity to variations in the different simulation settings than RMSE or Chalcraft9s prediction 

success (Chalcraft 2019) (see Conditional R2 values for the four different models and 20% as 

well as 100% noise summarized in Table 2; Supplementary Material Figure S13 and S14 as 

well as Tables S2 to S7 for more details). 



Discussion 

Detailed understanding of the effects of the sampling approach on prediction accuracy is 

paramount when aiming for scientifically sound and cost-efficient study designs. Here, we 

assessed how to optimize the number of sampling locations along gradients relative to the 

number of replicates per location for a given number of available samples. Our premise was 

that more samples are generally beneficial to increase statistical power, but they come at a 

higher cost in terms of resources and personnel. We furthermore investigated how to optimally 

place the samples along the investigated gradient to maximize prediction accuracy in gradient 

studies for the major response shapes commonly observed in ecology. 

The previous, contrasting studies of Kreyling et al. (2018) and Chalcraft (2019) on the 

importance of replication differed in their underlying assumptions, in that Kreyling et al. 

assumed a lack of existing a priori knowledge of the underlying response shape, while Chalcraft 

assumed the underlying response shape to be known (see Supplement Material of Chalcraft 

2019). By including a priori knowledge of the response shape in our simulations, we were able 

to reproduce the findings of Chalcraft for the response shapes he investigated (i.e. linear and 

centered hump). This resolves the apparent discrepancy between the two studies by showing 

that existing or lacking a priori knowledge on the underlying response shape is decisive for 

whether replication is beneficial for increasing prediction accuracy or not. Unreplicated designs 

yielded higher prediction accuracies in our study when the response shape was unknown or the 

known response shape was more complex (i.e. exponential or logistic). However, replication 

turned out to be beneficial when the underlying response shape was a priori known and rather 

simple (i.e. linear or hump, see Fig. 5 for a summary). We detected a positive interaction 

between replication and knowledge on the underlying response shape, meaning that the 

negative effect of replication tends to be higher for unknown response shapes and the negative 

effect of missing a priori knowledge about the underlying response shape is stronger for 

stronger replication. However, this interactive effect was rather weak. Furthermore, equidistant, 

systematic sampling along the investigated gradient turned out to be generally superior to all 

other tested sampling strategies. This second finding might be a major relief for researchers 

who are worried how to best sample responses along environmental gradients or decide upon 

experimental treatment levels without any a priori knowledge on the underlying response 

shapes. Still, it might be difficult to implement equidistant, systematic sampling in practice, as 

scaling between the investigated driver and response might often be non-linear (e.g. metabolic 

rates double every 10 degrees of temperature increase, or biological/ecological responses to 

increasing precipitation will often be log-scaled). Under such circumstances it might be not 



entirely clear what equidistant exactly means and, thus, whether linear or non-linear response 

shapes have to be assumed or predictor values have to be transformed to obtain linear scaling. 

In such cases, random placement of samples along the investigated gradient might provide an 

alternative solution when the location of critical response points are unknown and therefore 

cannot be accounted for in a preferential sampling strategy. Surprisingly, even if the underlying 

pattern is known, equidistant, systematic sampling performed best, or at least not systematically 

worse, than preferential sampling designs. Preferential sampling covering critical response 

points such as local extremes or parts of the gradient with strong changes (steep slopes) can 

become especially beneficial for prediction accuracy when the response shape is a priori known 

(i.e. logistic response shapes in Fig. 5). A priori knowledge on the investigated response shape 

– which can be obtained from pilot studies or might be inferred from existing literature – can 

furthermore significantly increase sampling efficiency and prediction accuracy in subsequent 

studies (see Supplementary Table S8-10). Based on the advanced understanding emerging from 

our simulations, we derived a set of recommendations to optimize sampling in ecological 

research (Figure 5).  

 

 

Figure 5. Decision tree for ecological experimenters based on general considerations and conclusions drawn 

from the integration of simulation results for all three measures of prediction accuracy (Tab S4 to S7). Individual 

decision trees for each of the three measure of prediction accuracy are provided in the Supplement Figures S15 

to S17. 



Replication obviously increases the prediction accuracy for any specific location along the 

environmental gradient in the presence of (white) noise by providing a better estimate through 

averaging. This is especially crucial when aiming for contrasts between factorial groups such 

as two-level manipulation experiments and when data variance for specific treatment conditions 

(i.e. within different treatment groups) should be minimal to increase predictive accuracy at the 

single location (Chalcraft 2019; Li, Peng, and Zhao 2020). Such classical, replicated 

experiments are inevitable whenever binary environmental drivers are tested such as presence 

or absence of specific species or functional groups or the effects of sites or management 

schemes differing non-continuously or along unknown gradients (Kreyling et al. 2018). 

However, classical experimental and analytical approaches, such as a two-level manipulation 

of environmental factors, are highlighted as inappropriate when aiming for characterizing such 

non-linear processes regulating ecosystem responses to multifactor drivers of global change 

(Rineau et al. 2019) or to quantify phenotypic plasticity (Morel-Journel et al. 2020). 

Gradient designs and regression-type, analytical approaches are furthermore better suited when 

aiming for the characterization of response patterns along environmental gradients. Besides 

their advantages for mechanistic understanding and model extrapolation, gradient designs 

capable of capturing non-linear responses are paramount when studying tipping points and 

thresholds of ecosystems approaching critical regime shifts (Scheffer et al. 2009; 2012; 

Bardgett and Caruso 2020; Berdugo et al. 2020; Ingrisch, Umlauf, and Bahn 2023). 

Unreplicated gradient designs can furthermore help to avoid pseudo-replication in less 

controlled settings such as field experiments or other empirical investigations along 

environment gradients (Schöps et al. 2020), a common criticism of replicated designs under 

such conditions (Hurlbert 1984). Gradient designs will be especially suitable for large-scale 

citizen science projects where people collect vast amounts of biological information along 

environmental gradients covering entire countries or continents such as iNaturalist (Taylor and 

Guralnick 2019; Barve et al. 2020).  

By tackling a wide range of different settings in our simulations, we consider our analyses 

representative for settings of sampling strategies and procedures commonly used in ecological 

research focusing on gradient analyses. Depending on the length of the gradient along which 

responses are measured and analyzed, different response shapes might be identified as most 

accurate to describe the underlying response. This phenomenon of contrasting response patterns 

being identified for the same underlying process is reported for well-known, functional 

relationships such as the biodiversity-productivity relationship and can cause misguided 

discussions about the underlying mechanisms (Guo et al. 2023). Although our simulations 



covered variation in gradient length (i.e. scenarios with and without predictor extremes), we did 

not explicitly tackle the topic of gradient sampling beyond commonly considered ranges – a 

fact that calls for future studies in this direction. One empirical approach to resolve this 

phenomenon of incomplete gradient sampling might be to enlarge the range of investigated, 

environmental conditions into extreme conditions even beyond the biological limits of the 

studied responses (e.g. species-specific mortality; Kreyling, Jentsch, and Beier 2014; De Boeck 

et al. 2020). Usually, experiments keep the range of investigated conditions within conservative 

boundaries, presumably because more extreme (although potentially realistic) treatments may 

have a catastrophic impact on a studied organism or ecosystem, which potentially results in the 

loss of costly replicated samples due to e.g. death of organisms when physiological limits are 

crossed under extreme environmental conditions (Rineau et al. 2019). Unreplicated gradient 

designs will allow for such extensions into the extremes without losing too many samples (cf. 

Kreyling et al. 2018). Gradient studies that realize a wide range of environmental conditions 

will furthermore provide understanding on how far a certain response of a specific organism or 

ecosystem is situated relative to its lower or upper tolerance limit (Rineau et al. 2019). 

 

 

Conclusions 

High prediction success in gradient analyses is determined by two factors: (1) identification of 

the response shape and (2) precise estimation of model parameters to maximize predictive 

accuracy across a wide range of environmental conditions. To achieve this, sampling has to be 

optimized under limited resources, thus, limited total sample size. For gradient studies, we have 

shown that available resources should be invested into increasing the number of sampling 

locations at the expense of replication when the underlying response shape is unknown or 

complex; nevertheless, replication can be beneficial in gradient studies when the response 

shapes are simple and known. Unreplicated designs will serve for covering investigated 

gradients more densely and for pushing experimental systems beyond historical and forecasted 

extremes. The latter will be decisive for global change impact research, as it enhances our 

understanding of stressor–response relationships and thresholds in state and impact beyond 

already realized environmental conditions. Our simulations furthermore show that equidistant, 

systematic sampling along the gradient of interest generally outperforms all other tested 

sampling strategies, except for complex, a priori known response shapes, for which preferential 

sampling of critical response points (i.e. local extremes or parts of the gradient with strong 

changes) can be beneficial. Such a priori knowledge of the underlying response shape can be 



instrumental for designing the most informative experiments in the most efficient way. We 

focused our simulations on response shapes and questions that are relevant in ecological and 

evolutionary research but might be of even broader relevance for other disciplines of science 

where the study of gradual responses is decisive for knowledge creation. 
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