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Summary  34 

1. The understorey in temperate forests can play an important functional role, depending on its biomass and 35 

functional characteristics. While it is known that local soil and stand characteristics largely determine the 36 

biomass of the understorey, less is known about the role of global change. Global change can directly affect 37 
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understorey biomass, but also indirectly by modifying the overstorey, local resource availability and growing 38 

conditions at the forest floor. 39 

2. In this observational study across Europe, we aim at disentangling the impact of global-change drivers on 40 

understorey biomass and nutrient stocks, from the impact of overstorey characteristics and local site 41 

conditions. Using piecewise structural equation modelling, we determine the main drivers of understorey 42 

biomass and nutrient stocks in these forests and examine potential direct and indirect effects of global-43 

change drivers. 44 

3. Tree cover, tree litter quality and differences in former land use were the main drivers of understorey 45 

biomass and nutrient stocks, via their influence on understorey light and nitrogen availability and soil acidity. 46 

Other global-change drivers, including climate and nitrogen deposition, had similar indirect effects, but these 47 

were either weak or only affecting nutrient concentrations, not stocks.  48 

4. Synthesis. We found that direct effects of global-change drivers on understorey biomass and nutrient 49 

stocks were absent. The indirect effects of global change, through influencing resource availability and 50 

growing conditions at the forest floor, were found to be less important than the effects of overstorey cover 51 

and composition. These results suggest that understorey biomass and nutrient stocks might respond less to 52 

global change in the presence of a dense overstorey, highlighting the buffering role of the overstorey in 53 

temperate forests. 54 

Key-words: ecosystem functioning, ground layer, herb layer, PhytoCalc, piecewise SEM, productivity 55 

1. Introduction 56 

Temperate forests cover around 16 % of the world’s forest area (Hansen, Stehman, & Potapov, 2010). Being 57 

located in the highly-populated temperate climate zone, their biodiversity and functioning is impacted by a 58 

complex set of pressures, including climate change, elevated levels of acidifying and eutrophying deposition, 59 

invasive species and changes in forest use (Gilliam, 2016; Reich & Frelich, 2002). Investigating how temperate 60 

forests respond to these pressures is crucial to be able to conserve these ecosystems and the services they 61 

provide.  62 

Global-change research in temperate forests has traditionally focussed predominantly on the overstorey 63 

(Aber et al., 2001; Dyderski, Paź, Frelich, & Jagodziński, 2018; Pastor & Post, 1988), while global-change 64 

responses in the understorey have been less studied, although the number of studies has rapidly expanded 65 

during the last decade (e.g. Kim, Oren, & Qian, 2016; Perring, Bernhardt-Römermann, et al., 2018; Verheyen 66 

et al., 2012). Also the focus of both lines of research has differed considerably. While overstorey research 67 

has predominantly focussed on functional responses (e.g. global change affecting overstorey productivity), 68 

understorey research has predominantly focussed on biodiversity responses, motivated by the knowledge 69 

that the understorey largely determines the vascular plant diversity in temperate forests (Gilliam, 2007). 70 
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Although the marginal contribution of the understorey to the total standing biomass in a forest (see for 71 

example Zhang, Chen, & Taylor, 2016) might justify the greater interest in the overstorey when it comes to 72 

ecosystem functioning, more and more evidence is becoming available that the understorey can play an 73 

important functional role as well (Landuyt et al., 2019). The understorey can for example alter tree 74 

regeneration and growth rates resulting from competition with trees for water, nutrients and light (Bloor et 75 

al., 2008; Giuggiola et al., 2018; Watt, Whitehead, Richardson, Mason, & Leckie, 2003). The understorey can 76 

also determine above and belowground food webs (Handa et al., 2014; Scherber et al., 2010), e.g. by acting 77 

as a food source for different species groups (Boch et al., 2013; Gill & Beardall, 2001). It further influences 78 

nutrient cycling processes (e.g. Jackson, Nilsson, and Wardle 2013; Muller 2003) and can retain a large 79 

proportion of throughfall water (e.g. Price et al. 1997). The importance of all these effects jointly depends on 80 

understorey biomass and its species composition, the latter driving the understorey’s functional signature 81 

(Gilliam, 2007; Landuyt et al., 2019). Understorey biomass, however, is generally considered as the most 82 

important indicator for understorey functioning, especially when considering the understorey’s role in water 83 

and nutrient cycling, food provision for ungulates and its effect on tree regeneration (e.g. Mabry, Gerken, & 84 

Thompson, 2008; Royo & Carson, 2006; Smolko & Veselovská, 2018; Thrippleton et al., 2018). When looking 85 

specifically at the contribution of the understorey to nutrient cycling processes and forage provision, 86 

understorey nutrient concentrations will play an important role as well (González-Hernández & Silva-Pando, 87 

1999; Pan et al., 2018; Tessier & Raynal, 2003). 88 

Research on global-change effects in the understorey of temperate forests has shown that understorey 89 

communities, characterised in terms of species richness or functional signature, are sensitive to a multitude 90 

of global-change drivers (Ampoorter et al., 2016; De Frenne et al., 2009; Perring, Bernhardt-Römermann, et 91 

al., 2018; Verheyen et al., 2012). Most of these responses are, however, context dependent. Whether or not 92 

the understorey reacts to global change often depends on local site conditions, defined by the overstorey 93 

and the soil (Chen, Biswas, Sobey, Brassard, & Bartels, 2018; Gilliam, 2019; Kim et al., 2016; Perring, 94 

Diekmann, et al., 2018; Verheyen et al., 2012). Nitrogen deposition has, for example, the potential to 95 

decrease species richness in the understorey by stimulating competitive exclusion (Gilliam, 2006), but this 96 

response is often not generalisable (Perring, Diekmann, et al., 2018). Similarly, agricultural land use prior to 97 

afforestation has been shown to increase the responsiveness of the understorey to global change (mainly by 98 

alleviating nutrient limitations long after agricultural abandonment), but again responses are hard to 99 

generalise (Perring et al., 2016). Similar conclusions have been formulated concerning the understorey’s 100 

response to climate change (e.g. De Frenne et al., 2015). In addition to these context-dependencies, little is 101 

known about understorey responses in terms of  biomass and nutrient stocks (but see Axmanová, Zelený, Li, 102 

& Chytrý, 2011; Welch, Belmont, & Randolph, 2007). Overall, the mechanisms behind these global-change 103 

effects (including interactions and context-dependencies) are still poorly understood, making it hard to 104 

predict future responses of the understorey to global change or to develop measures to mitigate global-105 

change effects in the understorey (Landuyt et al., 2018). 106 
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Multiple mechanistic hypotheses can be put forward to explain understorey responses to global-change 107 

drivers and, more specifically, how soil and overstorey characteristics can mediate these responses (Figure 108 

1). The first, most simple, hypothesis (Figure 1a) entails that only the overstorey responds to global change, 109 

and that these changes in the overstorey, mainly changes in crown cover and species composition, influence 110 

understorey resource availability and growing conditions. This hypothesis builds upon the evidence that 111 

overstorey composition can alter light availability through its crown cover (Monsi & Saeki, 2005) and soil 112 

acidity and nutrient availability predominantly via species-specific differences in leaf litter quality (Augusto, 113 

Dupouey, & Ranger, 2003; De Schrijver et al., 2012; van Oijen, Feijen, Hommel, den Ouden, & de Waal, 2005) 114 

with subsequent effects on the understorey (Ali, Chen, You, & Yan, 2019; Axmanová et al., 2011; Falkengren-115 

Grerup, 1989; McKenzie, Halpern, & Nelson, 2011; Zhang, Chen, & Taylor, 2017). The second hypothesis 116 

(Figure 1b) acknowledges the above-mentioned pathways, but additionally postulates that soil resources can 117 

also change directly in response to global change. This hypothesis relies on the fact that global change is 118 

often associated with direct nutrient inputs into the soil. This accounts for atmospheric nitrogen depositions 119 

(Boring, Swank, Waide, & Henderson, 1988) as well as for recent forests with an agricultural land use history 120 

(e.g. Blondeel et al., 2018). In addition, climate change might affect soil nutrient availability by altering litter 121 

decomposition (Aerts, 1997)). The third, and most complex, hypothesis (Figure 1c) additionally includes direct 122 

global-change effects on the understorey that can, for example, be driven by uptake of nutrients via 123 

aboveground plant organs (as shown by De Frenne et al., 2018) or temperature-induced growth increases 124 

(Farquhar, von Caemmerer, & Berry, 1980).   125 

 126 

Figure 1. Graphical representation of three alternative hypotheses that can explain the response of understorey biomass and 127 

nutrient stocks to global change. 128 

In this study, we aim to unravel the mechanisms underlying the response of understorey biomass, 129 

understorey nutrient concentration and understorey nutrient stocks to global change. We evaluate the 130 
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above-mentioned hypotheses using understorey, overstorey and soil data collected across Europe along a 131 

climate and nitrogen deposition gradient in mature temperate forests with contrasting land use histories. By 132 

investigating the extent to which understorey characteristics are related to global-change drivers spatially, 133 

insights can arguably be gained on the understorey’s potential temporal response to global change and the 134 

mechanisms behind this response. Using piecewise structural equation modelling, we evaluate the likeliness 135 

of each hypothesis, quantify the relative importance of all individual pathways of influence and determine 136 

the main drivers of understorey biomass and nutrient stocks. 137 

2. Methods 138 

2.1. Sampling design 139 

We sampled 19 regions scattered along a nitrogen deposition and climate gradient in Northwest Europe 140 

(Figure 2, S3). In each region, around 10 plots were selected (190 plots in total), mostly including both recent 141 

and ancient forests (Table S1). The latter were defined as plots that have been forested continuously since 142 

1850 or earlier. Recent forest plots, with similar stand ages as ancient forest plots, were located on former 143 

agricultural land, and were divided into plots with an arable land use history and plots that have formerly 144 

been used for grazing or other more extensive agricultural practices. Plot selection was based on several 145 

criteria: (1) existence of historical understorey surveys (not relevant for this study) (2) an intermediate to 146 

high soil nutrient content (C/N < 20), (3) an intermediate water holding capacity (Ellenberg Indicator Value 147 

for moisture ranging between 3.5 and 6.5, excluding extremely dry and water-logged sites) and (4) a well-148 

documented land use history, resulting in a selection containing both mesophytic deciduous forests and 149 

lowland beech forests (according to the European Forest Types classification scheme of Barbati et al. (2014), 150 

see also Table S1 for dominant overstorey species and Table S2 for a list of understorey species). We 151 

deliberately excluded forests that experience more extreme soil conditions (e.g. very dry or nutrient poor 152 

soils). In the latter forests, understorey productivity is generally limited by a single resource (e.g. nutrient or 153 

water availability), which should lead to a more predictable understorey response to global change. Although 154 

most of the selected plots had a dense canopy layer, the plots still covered a range of light availability 155 

conditions, mainly due to differences in tree species composition and management practices. Each plot 156 

consisted of two nested square-shaped subplots, one 10 m by 10 m plot, hereafter referred to as the inner 157 

plot, and one 20 m by 20 m plot, hereafter referred to as the outer plot (inset Figure 2). Both subplots were 158 

used for characterising the shrub layer (shrubs and trees with a height between 1 and 7 m) and the overstorey 159 

(trees with a height above 7 m). The inner plot was used for the characterisation of the understorey, light 160 

availability, nutrient availability and other soil characteristics. All plots were visited during the late spring of 161 

2015 and 2016, when understorey biomass was assumed to be at its maximum.  162 
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 163 

Figure 2. Geographical spread of the 19 study regions, located in the United Kingdom (UK), France (FR), Belgium (BE), the Netherlands 164 

(NL), Germany (DE), Sweden (SE), Latvia (LV), Poland (PL), the Czech Republic (CZ) and Slovakia (SK). Inset: visualisation of the plot 165 

layout with north-south and east-west oriented diagonals and crosses denoting soil sampling and densiometer measurement 166 

positions. 167 

2.2. Global-change drivers at the regional scale 168 

We estimated regional-scale explanatory variables from publicly-available databases. Atmospheric nitrogen 169 

deposition data were extracted from EMEP (www.emep.int, v2013) based on plot coordinates recorded in 170 

the field. As cumulative nitrogen deposition has been shown to affect species richness and biomass (De 171 

Schrijver et al., 2011), we chose this indicator to characterise nitrogen inputs rather than current deposition 172 

rates. Both indicators are, however, highly correlated. Cumulative nitrogen deposition was derived from 173 

nitrogen deposition time trends for each plot using the year 2000 value extracted from EMEP as a basis for 174 

extrapolation to the period 1940-2016, based on correction factors published by Duprè et al. (2010). 175 

Cumulative deposition was calculated as the sum of yearly deposition rates between 1940 and 2016. As 176 

within-regional differences in cumulative deposition rates are unlikely, average regional values were used for 177 

the analysis. Climate data, including mean annual precipitation and mean annual temperature were 178 

extracted from CRU TS4.01 (Harris, Jones, Osborn, & Lister, 2014) using the full range of available data from 179 

1900-2015. Again, average regional values were used in the analysis. 180 

2.3. Overstorey density and species composition 181 

http://www.emep.int/
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We estimated percentage cover of each tree species based on the horizontal projections of the crowns of 182 

trees higher than 7 m. Percentage cover of the shrub layer, being defined as all shrubs and trees with a height 183 

between 1 and 7 m, was assessed in a similar way. Both cover percentages were recorded in the inner plot. 184 

Overstorey effects on the availability of resources and growing conditions at the forest floor were assumed 185 

to be predominantly driven by differences in light transmittance and tree litter quality (Barbier, Gosselin, & 186 

Balandier, 2008). To quantify tree litter quality, we calculated an average litter quality score based on species-187 

specific litter quality scores, as described in Maes et al. (2019). For each plot, a weighted average litter quality 188 

score was calculated with relative crown cover of each tree species present in the plot as weights. Hence, 189 

species composition was not included in the model as such, but instead represented by this litter quality 190 

score. Total crown cover of the tree and the shrub layer were assumed to be the main drivers of light 191 

availability at the forest floor.  192 

2.4. Resource availability and growing conditions at the forest floor 193 

Soil samples were taken at five locations in the inner plot (inset Figure 2), using a soil auger to sample the 194 

upper 20 cm of the mineral soil (0-10 cm samples were used for chemical analyses, 10-20 cm samples for 195 

texture analyses). Collected soil samples were pooled across locations but within depths per plot and dried 196 

to constant weight at 40°C for 48 h, ground and sieved over a 2 mm mesh. Total phosphorus concentration 197 

in the soil was measured colorimetrically according to the malachite green procedure (Lajtha, Driscoll, Jarrell, 198 

& Elliott, 1999) after complete destruction of the soil samples with HClO4 (65%), HNO3 (70%) and H2SO4 (98%) 199 

in Teflon bombs for 4 h at 150°C. Total carbon and nitrogen concentrations in the soil were determined by 200 

high temperature combustion at 1200°C using an elemental analyser (vario Macro Cube, Elementar, 201 

Germany). Inorganic carbon content was obtained running the same analysis after ashing the soil samples 202 

for 4 h at 450°C by gradually increasing temperature, leaving inorganic carbon only. Organic carbon 203 

concentration was determined by subtracting inorganic carbon concentration from total carbon 204 

concentration. Data on organic carbon, total nitrogen and total phosphorus concentration were used for 205 

calculating soil organic carbon to total nitrogen (C/N) and organic carbon to total phosphorus (C/P) ratios, as 206 

proxies for nitrogen and phosphorus availability, respectively (Leuschner & Ellenberg, 2017). The pH-H2O of 207 

the soil was determined by shaking a 1:5 ratio soil/H2O mixture for 5 minutes at 300 rpm before measuring 208 

with an Orion 920A pH meter equipped with a Ross sure-flow 8172 BNWP pH electrode (Thermo Scientific 209 

Orion, USA). Soil texture (% Clay, % Sand and % Silt) was analysed with laser diffraction (Coulter Laser LS 13 210 

320 (SIP-050D2) with auto-sampler) after removal of organic material with H2O2 (28.5%) and dispersing the 211 

sample with Sodium polyphosphate (6%). Data on particle size and inorganic carbon content were used to 212 

cluster the soils in three soil type groups with different intrinsic soil characteristics, being sandy soils, clayey 213 

soils with high carbonate content and clayey soils with low carbonate content (using hclust in R, for more 214 

information see Maes et al. (2019)). 215 
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Plot average light availability was assessed via convex densiometer measurements (Lemmon, 1956) at five 216 

locations in the inner plot (one in each corner and one in the centre, indicated by crosses in the inset of Figure 217 

2). Mean plot-level light availability was obtained by averaging these five measurements. 218 

2.5. Response variables 219 

We selected five response variables for analysis, these being aboveground biomass, average nitrogen and 220 

phosphorus content per leaf dry mass (hereafter referred to as nitrogen and phosphorus concentration) and 221 

total nitrogen and phosphorus stocks in aboveground biomass.  222 

The understorey was defined as all woody and non-woody vascular plants not exceeding 1 m in height, 223 

including herbs, graminoids, ferns, dwarf shrubs, tree seedlings and small shrubs and trees. First, the 224 

percentage cover of all understorey species was quantified via ocular estimation, in the inner plot only. To 225 

estimate understorey biomass, the mean shoot length of each species with a cover higher than 5% was 226 

additionally recorded. For each of these species, shoot lengths were measured on five randomly selected 227 

individuals by elongating the shoots as described in Heinrichs et al. (2010). From the three species with the 228 

highest abundances, a subsample of the non-woody aboveground biomass was taken for nutrient analyses. 229 

Collected biomass samples were dried to constant weight at 70°C for 48 h, weighed and ground. Nitrogen 230 

concentrations in biomass were determined by high temperature combustion at 1150°C using an elemental 231 

analyser (Vario MACRO cube CNS, Elementar, Germany). Biomass phosphorus concentration was obtained 232 

after digesting 100 mg of the sample with 0.4 ml HClO4 (65%) and 2 ml HNO3 (70%) in Teflon bombs for 4 h 233 

at 140°C. Phosphorus concentration was measured colorimetrically according to the malachite green 234 

procedure (Lajtha et al., 1999). 235 

Total understorey biomass was estimated non-destructively via the PhytoCalc model (Bolte, Czajkowski, 236 

Bielefeldt, Wolff, & Heinrichs, 2009; Heinrichs et al., 2010), comprising allometric equations to estimate 237 

biomass based on cover and shoot length data (Equation 1). The coefficients of these allometric equations 238 

(ag, bg and cg) were calibrated and validated for 13 morphological growth forms and eight tree and shrub 239 

species commonly found in the understorey of temperate forests (Bolte et al., 2009; Heinrichs et al., 2010). 240 

Species data for calibrating the model were sampled in closed beech to more open oak and pine forests with 241 

cover values of the tree layer between 15 and 95 % (Bolte, 1999; Schulze, Bolte, Schmidt, & Eichhorn, 2009).  242 

𝑏𝑖𝑜𝑚𝑎𝑠𝑠 [
𝑔

𝑚2] = ∑ 𝑎𝑔. 𝐶𝑖
𝑏𝑔𝑆𝑖

𝑐𝑔𝑛
𝑖=1                                       (𝑒𝑞𝑛 1)   243 

Wherein n represents the total number of species within a plot, Ci the cover of species i [%], Si the elongated 244 

shoot length of species i [cm] and ag, bg and cg morphological growth form specific empirical coefficients, as 245 

provided by the PhytoCalc model (Table S3). Main morphological growth forms include herbs, grasses, ferns, 246 

small shrubs and dwarf shrubs (as well as mosses that have not been considered here). Herbs and grasses 247 

were then differentiated by height categories into small, middle and tall. In total 45 species of the ground 248 
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flora were harvested across Germany to calibrate the morphological growth form specific empirical 249 

coefficients. The validity of these coefficients has been tested in independent study areas leading to an 250 

extension of the PhytoCalc species list (e.g. Schulze et al., 2009). For woody species, species-specific empirical 251 

coefficients exist for the tree species Fagus sylvatica, Quercus robur, Quercus petraea, Picea abies, Pinus 252 

sylvestris, Fraxinus excelsior, Acer pseudoplatanus, Sorbus aucuparia and Betula pendula and for the shrub 253 

species Cytisus scoparius, Rhamnus cathartica and Sambucus nigra. Other woody species are not yet included 254 

in the model except for small shrubs mainly representing Rubus spec. and Ribes spec. and dwarf-shrubs 255 

including Vaccinium spec. and Calluna spec.   256 

While cover estimates were recorded for all encountered species, shoot length data were only collected for 257 

a subset of these species (those with a cover exceeding 5%). For those species with missing shoot length data 258 

(on average 35% of total plot cover, see also Figure S1), default PhytoCalc shoot length values, defined on 259 

the level of morphological growth forms, were used (see Table S3). While these group-specific shoot length 260 

values agreed well with those observed in the field on average (Figure S2), they do not account for the 261 

variability encountered in the field, stressing the need to measure shoot lengths in the field, at least for a 262 

subset of the encountered species as done in this study. When recorded species were not included in the 263 

PhytoCalc species list, we assigned them to a morphological growth form based on the most occurring 264 

morphological growth form for that genus. To avoid errors due to this automated procedure, we manually 265 

checked the results to ensure that all species were assigned to the correct morphological growth form. If no 266 

match was found at the genus level, species were assumed to have a biomass per cover percentage that 267 

equals the mean biomass per cover percentage found in the plot. The percentage cover of species that could 268 

not be assigned to one of the morphological growth forms was generally low, ranging between 0 and 10% 269 

for the majority of the plots. This percentage was exceeded (up to 40%) only for plots in the Wales region 270 

(UK1). 271 

While the PhytoCalc model can also be used to estimate nutrient stocks, these estimates have been shown 272 

to be prone to error, especially under more open forest conditions (Heinrichs et al., 2010). Moreover, as plant 273 

nutrient concentrations are known to be driven by local soil conditions (e.g. Baeten et al., 2011), we used our 274 

own field measurements instead. Aboveground nutrient stocks (nitrogen and phosphorus) in the understorey 275 

were approximated by multiplying aboveground biomass estimates with the average leaf-level nutrient 276 

concentration at the plot-level. Plot-level nutrient concentration was estimated as the average nutrient 277 

concentration of the sampled species, weighted by their cover. As unsampled species only represented a 278 

minority of the total understorey cover in most plots (see also Figure S1), we do not expect these species to 279 

bias our results. However, as nutrient analyses were only conducted on non-woody tissue, which is known 280 

to have a higher nutrient concentration than woody tissue, estimated nutrient stock values might 281 

overestimate the actual nutrient stocks in the understorey. 282 

2.6. Statistical analysis 283 
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The conceptual graphs, presented in Figure 1, were used to construct three alternative structural equation 284 

models (SEMs). For each block in Figure 1, we measured several variables in the field, or extracted data from 285 

databases as described above. As global-change drivers, we included mean annual temperature (MAT), mean 286 

annual precipitation (MAP), cumulative nitrogen deposition (Ndep) and land use history (to account for 287 

historical land use change effects). Overstorey variables included tree cover, shrub cover and tree litter 288 

quality. Resource availability and growing conditions at the forest floor were characterised by soil pH, soil 289 

C/N, soil C/P and light availability. Table 1 provides an overview of all variables included in the models and 290 

their proxies measured in the field. As paths, we included those depicted in Figure 1, but additionally 291 

accounted for several known dependencies and independencies to improve the model fit. Light availability 292 

was assumed to depend only on tree cover and shrub cover; C/N and C/P were assumed to be correlated and 293 

additionally driven by soil pH; and shrub cover was assumed to be driven only by tree cover. Additionally, all 294 

soil variables were assumed to be driven by soil type. The full list of paths included in the three alternative 295 

models can be found in the online supporting information. 296 

The three alternative models were fitted using piecewise SEM (Lefcheck, 2016). In contrast to standard SEM 297 

techniques, piecewise SEM allows fitting mixed effect models to all paths of the hypothesised model and can 298 

thus account for the blocked design of our data (plots within regions). For each path, we fitted mixed effect 299 

models including main effects only and region as random intercept (full model lists for our three alternative 300 

hypotheses are provided in the online supporting information). Prior to model fitting, some of the data were 301 

log transformed to improve model fit and to ensure residuals were normally distributed (Table 1). The 302 

categorical variables past land use and soil type were dummy coded, using “ancient forest” and “clayey soil 303 

with high carbonate content” as reference classes, respectively. We repeated the analysis with five different 304 

response variables, namely biomass, leaf nitrogen concentration, total aboveground nitrogen stock, leaf 305 

phosphorus concentration and total aboveground phosphorus stock.  306 

We evaluated the fitted models based on the Fisher’s C statistic (Shipley, 2000), Akaike’s Information 307 

Criterion corrected for small sample sizes (AICc), path significance levels and the pseudo R² values (Nakagawa 308 

& Schielzeth, 2013) of the fitted linear mixed-effect models. While the Fisher’s C statistic was used to evaluate 309 

whether the model accounted for all dependencies in the data, AIC and pseudo R² values were used to 310 

evaluate model complexity and model fit. Data preparation and statistical analysis were carried out in R 311 

version 3.5.1 (R Core Team, 2018). Structural equation models were fitted using the piecewiseSEM package 312 

(Lefcheck, 2016). 313 

Finally, we compared the combined indirect effects of nitrogen deposition, climate, past land use and 314 

overstorey characteristics on the five understorey response variables considered. We first calculated the 315 

magnitude of all indirect effects by multiplication of path coefficients. These indirect effects were defined 316 

as significant pathways between a driver (global change or overstorey characteristic) and the understorey 317 

response variable, via one or more of the other variables in the model. Next, when there were multiple 318 
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indirect pathways between a certain driver and understorey response, these were summed, following 319 

Wright’s tracing rules (Wright, 1921). The standard deviation and significance of these combined effect was 320 

estimated via a Monte Carlo simulation (10,000 samples), propagating the errors associated to the 321 

estimated standardised path coefficients to obtain a distribution for each combined effect (Preacher & 322 

Selig, 2012). A combined effect was considered significant when its 95% confidence interval (defined by the 323 

2.5% and 97.5% quantiles of the obtained distribution) excluded zero.  324 

Table 1. Overview of all predictor variables included in the structural equation models, the chosen proxy and the applied data 325 

transformation for statistical analysis. See also Figure S3 for a comparison of these ranges with full ranges encountered in temperate 326 

forests. More information on the soil types can be found in Maes et al. (2019). 327 

Variable Proxy Range Units Transformation 

Global-change drivers 
Climate 
 

Mean annual precipitation 547 -  1585 mm NA 
Mean annual temperature 6.5  -   12.1 °C NA 

Nitrogen deposition Cumulative nitrogen 
deposition 

459 -   1925 kg.ha-1 Log(X) 

     
Past land use Three types of past land use 1.Recent forest with past arable 

agricultural use 
2.Recent forest with past non-
arable agricultural use 
3.Ancient forest 

NA NA 

Overstorey density and species composition 
Litter quality Litter quality score (weighted 

on tree species cover) 
0.9  -   4.9 NA Log(X) 

Tree cover Estimated cover  0      -   98 % NA 
Shrub cover Estimated cover 0      -   97 % NA 
Soil type 
Soil type Three types of soil based on 

clay content and inorganic 
carbon content 

1.Sandy soils 
2.Clayey soils with high 
carbonate content 
3.Clayey soils with low carbonate 
content 

NA NA 

Resource availability and growing conditions 
Soil acidity pHH2O  3.7   -   8.2 NA Log(X) 

Nitrogen availability C/N ratio 9      -   26 NA Log(X) 
Phosphorus availability C/P ratio 22    -   922 NA Log(X) 
Light availability Canopy openness 2      -   73 % Log(X) 

 328 

3. Results 329 

3.1. Understorey biomass, nutrient concentrations and stocks  330 

Understorey biomass in the sampled forests ranged between 0 and >500 g.m-², with a high within and among 331 

region variability (Figure 3). While the mean understorey biomass was 87.4 g.m-² across all plots, half of the 332 

plots had an understorey biomass that was lower than 63.8 g.m-² (inter quartile range: 33.3-106.6 g.m-²).  333 
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 334 

Figure 3. Variability of aboveground understorey biomass across all regions, ordered from north to south. Region codes refer to the 335 

regions’ countries: United Kingdom (UK), France (FR), Belgium (BE), the Netherlands (NL), Germany (DE), Sweden (SE), Latvia (LV), 336 

Poland (PL), the Czech Republic (CZ) and Slovakia (SK). 337 

Similarly, nitrogen and phosphorus concentrations in the understorey’s aboveground biomass varied 338 

considerably (Figure S4). Nitrogen concentrations were between 1.0 and 4.4% with a mean nitrogen 339 

concentration of 2.7%. High nitrogen concentrations were found in some plots located in Belgium, the 340 

Netherlands and the UK. Phosphorus concentrations varied between 0.8 and 6.9‰ with a mean phosphorus 341 

concentration of 2.7‰. Again, high concentrations were found in some plots located in Belgium, the 342 

Netherlands and the UK. Nutrient stock patterns were similar to those found for biomass (Figure S5), 343 

indicating that, as expected, biomass strongly determined nutrient stocks in the understorey. Nitrogen stocks 344 

(2.3 +/- 2.2 g.m-²) were on average 10-times higher than phosphorus stocks (0.2 +/- 0.3 g.m-²), with values 345 

ranging as high as 17.9 g.m-² and 2.0 g.m-², for nitrogen and phosphorus respectively. 346 

3.2. Direct or indirect effects of global change on understorey biomass, nutrient concentration and stock 347 

All 15 fitted models (3 hypotheses x 5 response variables) yielded a Fisher’s C-statistic with a p-value ranging 348 

between 0.17 (hypothesis A, phosphorus concentration as response variable) and 0.51 (hypothesis B, 349 

nitrogen stock as response variable), suggesting that even the most simple hypothesis (hypothesis A) 350 

accounted for all dependencies among the variables included in the model. The AICc of the fitted models 351 

increased with increasing model complexity from hypothesis A to hypothesis C, denoting that, based on AICc, 352 

hypothesis A represented the relationships among the included variables the best (Figure S6). When looking 353 

specifically at model fit, we saw an increase of the average marginal R² (proportion of variance explained by 354 

fixed effects alone) from hypothesis A to hypothesis B, and no or a small increase from hypothesis B to 355 

hypothesis C (Figure S6). Compared to fitted hypothesis B, fitted hypothesis C only included a few additional 356 

significant pathways (i.e. direct links between global-change drivers and the understorey response variables) 357 
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with only a very small increase of the model’s average marginal R² value. Based on these results we retained 358 

hypothesis B for all response variables, as the best model balancing model complexity and model fit, 359 

suggesting that global-change drivers affect understorey biomass, nutrient concentrations and nutrient 360 

stocks mainly indirectly. In the following, we use this hypothesised model as the basis to discuss the main 361 

drivers of biomass, nutrient concentration and nutrient stocks in the understorey of temperate forests.   362 

3.3. Drivers of understorey biomass 363 

As suggested by hypothesis B, global-change drivers were found to affect understorey biomass mainly 364 

indirectly via two alternative pathways: (1) via affecting the overstorey with cascading effects on resource 365 

availability and growing conditions at the forest floor, and eventually understorey biomass, and (2) via an 366 

additional direct effect on resource availability and growing conditions, with cascading effects on understorey 367 

biomass (Figure 1b). However, when looking specifically at the significant paths in the model (Figure 4), we 368 

did not find empirical evidence for global-change effects on tree composition (quantified in terms of litter 369 

quality) or density.  370 

In contrast, we did find support for global-change effects on resource availability and growing conditions at 371 

the forest floor. Past arable land use, nitrogen deposition and MAP negatively affected the C/P ratio of the 372 

soil, while MAT had a positive effect on this soil variable. Past arable land use had a negative effect on the 373 

C/N ratio of the soil, while MAP was found to have an indirect positive influence, via soil pH. Next to these 374 

global-change drivers, also tree litter quality was found to negatively affect the soil’s C/N and C/P ratios, the 375 

effect on soil C/N reinforced by an indirect effect via soil pH. Tree cover had a direct negative effect on light 376 

availability and a positive indirect effect via its influence on shrub cover.  Also intrinsic soil characteristics 377 

that were captured by the soil type variable were found to influence soil pH and soil C/N. Biomass was 378 

positively affected by light availability and, although only marginally significant, negatively by the C/N ratio 379 

of the soil.  380 

For all fitted mixed-effect models, marginal R² values differed considerably from conditional R² values, 381 

indicating that the region, included as a random effect, explained a large proportion of the variation in the 382 

data. In summary, global-change drivers were found to directly affect resource availability and growing 383 

conditions at the forest floor, but the cascading effects on understorey biomass were found to be marginally 384 

significant only (via soil C/N). Instead, understorey biomass was largely driven by light availability, fully 385 

determined by the overstorey, whose canopy density (and litter quality) was not influenced by the considered 386 

global-change drivers.  387 
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 388 

Figure 4. Fitted structural equation model (hypothesis B) visualizing all pathways and drivers that determine understorey biomass. 389 

Marginal (R²m) and conditional (R²c) R² values of the fitted linear mixed-effect models are shown below each variable. The boxes on 390 

all significant paths display standardised coefficients and significance levels.  *, **, *** denote significance levels with p-values lower 391 

than 0.05, 0.01 and 0.001, respectively. For past land use and soil type, we only displayed standardised coefficients for one level 392 

compared to its baseline. Displayed standardised path coefficients for soil type are those that quantify the effect of clayey soils with 393 

low carbonate content compared to clayey soils with a high carbonate content. The effect of a sandy soil compared to a clayey soil 394 

with a high carbonate content was only significant for pH (-1.39***), but was not shown in the graph. Displayed standardised path 395 

coefficients for past land use are those that quantify the effect of past arable land use compared to ancient forest. The effects of 396 

non-arable past land use compared to ancient forest were all not significant.     397 

3.4. Drivers of understorey nutrient concentrations and stocks 398 

The fitted SEM models for understorey nutrient concentrations and stocks were all similar to the one 399 

presented in Figure 4, except for the arrows representing the effects of light, soil C/N, C/P and pH on the 400 

model’s main response variable (understorey biomass, nutrient concentrations or stocks). Standardised 401 

coefficients that quantify these effects for all response variables are provided in Table 2. While nutrient stock 402 

responses were similar to biomass responses, nutrient concentrations responded differently. Phosphorus 403 

concentration in the understorey was found to be negatively affected by soil C/P and pH, while none of the 404 

predictors were found to have a significant effect on understorey nitrogen concentration. Again, marginal R² 405 

values differed considerably from the conditional ones, denoting that the random effect explained most of 406 

the variance in the data.  407 
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Table 2. Standardised coefficients and marginal and conditional R² values for the mixed-effect models, predicting biomass, nutrient 408 

concentrations and stocks. *, **, *** denote significance levels with p-values lower than 0.05, 0.01 and 0.001, respectively. N.S. 409 

represents non-significant path coefficients.  410 

 Standardised coefficients   

Response variable Light C/N C/P pH Marginal R² Conditional R² 

Biomass 0.35*** -0.28* N.S. N.S. 0.17 0.46 

Nitrogen concentration N.S. N.S. N.S. N.S. 0.05 0.54 

Nitrogen stock 0.31*** -0.33** N.S. N.S. 0.17 0.38 

Phosphorus concentration  N.S. N.S. -0.47*** -0.26* 0.16 0.43 

Phosphorus stock 0.34*** -0.25* N.S. N.S. 0.16 0.39 

 411 

3.5. Combined effects of global-change drivers and overstorey characteristics 412 

The combined effect of each global-change driver and overstorey variable differed depending on the 413 

response variable considered (Figure 5). For biomass and nutrient stocks, overstorey characteristics and past 414 

land use generally came out as most important predictors when looking at their direct and indirect effects 415 

combined. Tree cover affected understorey biomass and nutrient stocks negatively, while litter quality had a 416 

positive effect. This positive litter quality effect, however, was driven by the effect of soil C/N on understorey 417 

biomass, which was only marginally significant (Figure 4, Table 2). For understory phosphorus concentration, 418 

tree cover was less important, while other predictors, including nitrogen deposition, MAT and MAP became 419 

more important.  420 

 421 

 422 

Figure 5. Combined direct and indirect effects of all driving variables in determining understorey biomass, leaf nutrient concentration 423 

and aboveground nutrient stocks. Combined effect values were obtained through multiplication and summation of all significant 424 
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standardised path coefficients along each driving variable’s pathways of influence, following Wright’s tracing rules. The effect of past 425 

land use represents the effect of past arable land versus ancient forest. Error bars (standard deviation) and the significance of the 426 

combined effects were estimated via a Monte Carlo simulation (see section 2.6 for more details). N.S. indicates non-significant effects. 427 

4. Discussion 428 

We did not find direct effects of the global-change drivers considered (climate, nitrogen deposition and past 429 

land use) on understorey biomass, nutrient concentration and stocks. These drivers do affect understorey 430 

biomass, nutrient concentrations and stocks, but only via influencing soil characteristics that, in turn, affect 431 

the understorey. We additionally found that it is mainly the overstorey, and more specifically its density and 432 

litter quality, that determines understorey biomass, nutrient concentrations and stocks. These findings 433 

suggest that understorey responses to global change might be limited in the relatively dense forests stands 434 

under investigation. In these forests, overstorey characteristics mainly determined understorey resource 435 

availability and growing conditions rather than the global-change drivers considered. 436 

4.1. Understorey biomass, nutrient concentration and stocks and their main predictors 437 

Understorey biomass, nutrient concentration and stock estimates were generally within similar ranges as 438 

those reported in previous studies (e.g. Axmanová et al., 2011; Ernst, 1979; Ewald, Braun, Zeppenfeld, Jehl, 439 

& Heurich, 2014; Siccama, Bormann, & Likens, 1970; Smolko & Veselovská, 2018; Thrippleton, Bugmann, 440 

Kramer-priewasser, & Snell, 2016; Welch et al., 2007; Whittaker, Bormann, Likens, & Siccama, 1974). The 441 

high variability of biomass estimates in this study (both among and within regions), however, suggests that 442 

comparing understorey biomass values among studies is challenging and not necessarily insightful. The 443 

agreement nevertheless suggests that the applied biomass estimation procedure, based on cover and shoot 444 

length data, yields realistic results, as has been shown by other studies that have applied and evaluated 445 

PhytoCalc (Mölder, Bernhardt-Römermann, & Schmidt, 2008; Mölder, Streit, & Schmidt, 2014). Our data also 446 

illustrate the potential importance of the understorey for nutrient cycling in temperate forests. As found in 447 

our study, the biomass of the understorey can reach values that are comparable to the biomass of leaves 448 

produced in the overstorey, generally ranging between 100 and 900 g.m-² (Sayer, 2006). As both biomass 449 

pools largely determine the yearly litter input to the soil, the understorey’s contribution to this flux can be 450 

considered significant.  451 

Understorey biomass was found to be predominantly driven by light and nitrogen availability. The effect of 452 

nitrogen availability on understorey biomass, however, was less significant than the effect of light, confirming 453 

the idea that understorey productivity is predominantly light-, rather than nutrient-, limited (De Frenne et 454 

al., 2015; Verheyen et al., 2012), especially in mature stands (Gilliam & Turrill, 1993). Although understorey 455 

biomass responses to phosphorus availability have been reported in the past (Axmanová et al., 2011; Welch 456 

et al., 2007), we did not detect such a response. Nitrogen and phosphorus stocks were driven by similar 457 

variables as those driving biomass. Soil phosphorus availability and soil pH jointly affected the understorey’s 458 

phosphorus concentration, while none of the drivers considered affected the understorey’s nitrogen 459 
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concentration. These findings agree with observations in post-agricultural forests, where understorey plants 460 

have been shown to increase their phosphorus concentration in aboveground biomass as a response to 461 

elevated soil phosphorus availability (Baeten et al., 2011). The absence of a nitrogen concentration response 462 

to elevated nitrogen availability in the soil might be surprising but agrees with findings in systems where 463 

nitrogen is not limiting plant growth (Tessier & Raynal, 2003). 464 

4.2.  The effects of global-change drivers on understorey biomass, nutrient concentration and stocks 465 

Our study showed that the global-change drivers considered affect the understorey mainly via affecting 466 

nitrogen and phosphorus availability in tandem with the overstorey. As expected, soil nutrient availability 467 

responded positively (decreasing soil C/N and C/P ratios indicate increasing nutrient availability) to tree litter 468 

quality (see also Maes et al. (2019)). Past land use, however, was found to be an equally important driver of 469 

soil nutrient availability. Past arable land use was found to increase nitrogen and phosphorus availability, 470 

confirming other observations in forest stands planted on former agricultural fields (Baeten et al., 2011; 471 

Blondeel et al., 2018; Falkengren-Grerup, ten Brink, & Brunet, 2006; Flinn & Marks, 2007).  472 

Climate was found to affect the understorey via its influence on soil nutrient availability. While soil nutrient 473 

availability is generally expected to increase with increasing MAT, due to higher decomposition rates (as 474 

found in many short-term warming experiments (Kirschbaum, 1995)), we found no trend for soil nitrogen 475 

availability and an opposite trend for soil phosphorus availability. MAP was found to increase phosphorus 476 

availability and decrease nitrogen availability, the latter via decreasing the soil’s pH. While an increase of 477 

leaching can explain the decrease of nitrogen availability, the link between climate and phosphorus 478 

availability might be more complex than our hypotheses suggest. Long-term soil development processes, 479 

differences in phosphorus deposition or intraspecific tree litter quality responses to climate, i.e. links that we 480 

did (and could) not include in any of the hypothesized models, may have driven the observed phosphorus 481 

availability responses to climate (Sohrt, Lang, & Weiler, 2017).  482 

For nitrogen deposition we expected two counteracting effects: a positive effect on understorey biomass (as 483 

found for example by Gilliam (2019) for cover) as a result of increasing soil nitrogen availability (Falkengren-484 

Grerup, Brunet, & Diekmann, 1998) and a negative effect as a result of increasing overstorey biomass 485 

reducing light availability (Hyvönen et al., 2007; Reyer, 2015). Neither of those was detected in our analysis. 486 

The absence of a response of soil nitrogen availability was especially surprising, but might be related to the 487 

low spatial resolution of the EMEP data or potential mismatches between athmospheric nitrogen deposition 488 

(used as predictor here) and throughfall nitrogen (i.e. nitrogen deposited at the forest floor) determined by 489 

canopy structure and composition (De Schrijver et al., 2007). Surprisingly, at first glance, we found a positive 490 

effect of nitrogen deposition on phosphorus availability in the soil. Various mechanisms though can explain 491 

increased phosphorus availability following nitrogen addition, including release of extracellular phosphatase 492 

enzymes (Treseder & Vitousek, 2001), increased rock weathering rates and/or increased uptake of 493 
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phosphorus from deeper soil layers by the overstorey, with subsequent litterfall returning phosphorus to the 494 

soil surface. However, evidence for temperate forests contradicts the latter hypothesis (Van Diepen et al. 495 

2015), and active weathering profiles are probably at depth in these forests. Explaining this finding of 496 

increased phosphorus availability with greater nitrogen deposition therefore requires further investigation. 497 

The retained hypothesis B also indicates that the considered global-change drivers do not directly affect 498 

understorey biomass, nutrient concentrations and stocks. This could be because of the buffering capacity of 499 

the overstorey. The overstorey, including both shrubs and trees, can act as a thermal insulator (De Frenne et 500 

al., 2019), can intercept precipitation (Crockford & Richardson, 2000) and  nitrogen (Adriaenssens et al., 501 

2012), decoupling to some extent the growing conditions experienced by the understorey from those 502 

experienced above the canopy. In more open stands, this buffering effect of the overstorey will decrease, so 503 

direct effects of the considered global-change drivers might then become more likely. However, testing for 504 

such interactions between tree cover and global change would require a dataset that covers a wider gradient 505 

of canopy openness than the one considered in our study. 506 

Large conditional R² values for the models predicting tree litter quality, soil nutrient availability, soil pH and 507 

understorey characteristics (Figure 4, Table 2) suggest that there might be other important drivers acting at 508 

the regional scale that influence soil resources, overstorey composition and the understorey. These might 509 

include differences in herbivory dynamics, overstorey and understorey species pools and soil characteristics 510 

not accounted for in our analysis. Additionally accounting for these potential drivers could shed more light 511 

on the individual importance of drivers acting at the regional scale. As we do not expect these drivers to be 512 

strongly correlated with the ones we considered in our analysis, we do not expect them to change our 513 

findings related to climate, nitrogen deposition and overstorey effects.  514 

4.3. From spatial environmental gradients to temporal responses to global change 515 

Our study has identified contemporary drivers of understorey biomass, nutrient concentration and stocks 516 

across Europe. These responses across spatial environmental gradients might also be used to deduce 517 

potential temporal changes in the understorey following future global change. Multiple studies have shown 518 

that spatial environmental gradients can be used to study temporal responses (Blois, Williams, Fitzpatrick, 519 

Jackson, & Ferrier, 2013; Elmendorf et al., 2015; Newbold et al., 2015), although the rates of change might 520 

not always coincide (see, for example, Adler & Levine, 2007). While differences among plant communities 521 

across spatial environmental gradients are often a result of long-term responses to a specific regional driver, 522 

temporal responses might lag behind due to rather slow immigration or local extinction rates of plant species 523 

as a response to global change (Vellend et al., 2006; Verheyen, Honnay, Motzkin, Hermy, & Foster, 2003). 524 

We, therefore, believe that (long-term) temporal global-change responses of understorey biomass and 525 

nutrient stocks will go in the same direction as the responses we have observed across spatial environmental 526 

gradients. However, the magnitude of the response will likely differ for the reasons given above.  527 
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We did find regional differences in species pools in the understorey and that single species can have a large 528 

influence on understorey biomass (in accordance to the mass ratio hypothesis of Grime (1998) and as found 529 

by Wasof et al. (2018) and Liu et al.(2019)). Plots dominated by Deschampsia cespitosa, Rubus idaeus, Ribes 530 

rubrum, Pteridium aquilinum or Urtica dioica were all plots with a high biomass (between 100 and 200 g.m-531 

²), while plots dominated by Mercurialis perennis, Allium ursinum, Anemone nemorosa or tree seedlings were 532 

all plots with a low biomass (<100 g.m-²). The biomass responses discussed in this study can hence 533 

predominantly be considered a result of compositional differences, and not only a result of increased plant 534 

growth in forests that experience higher resource levels and better growing conditions. This suggest that our 535 

findings are indeed likely to overestimate temporal changes as a response to global change, as species 536 

turnover might lag behind (Smith, Knapp, & Collins, 2009).   537 

Knowing that our findings likely overestimate temporal changes, it is especially surprising that we found that 538 

the overstorey, in terms of litter quality and density, might not be responsive to global change. Note, 539 

however, that this no change in litter quality does not necessarily correspond to a no change in tree species 540 

composition. Tree species composition might have changed, but not in a directional way towards tree species 541 

with a lower or higher litter quality. We believe, however, that this lack of response might be related to the 542 

relatively narrow regional gradients in our dataset or to our selection of sampling sites (Table 1). The 543 

considered environmental gradients might have been too narrow to invoke changes in tree cover or tree 544 

litter quality. Current evidence on tree species responses to global change indeed suggest that compositional 545 

changes in the tree layer are expected under more extreme climatic conditions characterised by hotter 546 

drought periods (Allen et al., 2010; Buras & Menzel, 2019; Fekete et al., 2017). Hence, including more 547 

southern regions of Europe could have provided more insights on this. Another reason for this lack of 548 

response might be related to the selection of forest stands, often dominated by Quercus robur and Fagus 549 

sylvatica (Table S1), species that are found to be less responsive to climate change compared to evergreen 550 

coniferous species, such as Pinus sylvestris and Picea abies (Buras & Menzel, 2019). Also for tree cover, we 551 

did not see a response to climate and/or nitrogen deposition, contradicting previous studies that predict an 552 

increase of overstorey density as a response to higher temperatures and nitrogen deposition rates, especially 553 

when water availability is not limiting growth  (Hyvönen et al., 2007; Reyer, 2015). An explanation for this 554 

lack of response might be forest management. Since most of the investigated forests were actively managed, 555 

thinning activities in the near past could have obfuscated potential effects of environmental drivers on tree 556 

cover. 557 

Our findings do suggest that when changes in the overstorey as a response to global change occur, they could 558 

significantly affects understorey biomass and nutrient stocks, mainly via altering light availability at the forest 559 

floor. Our findings, however, also show that tree cover changes can result in opposite changes in shrub cover 560 

that will codetermine forest floor light availability (see also Sercu et al., 2017). Hence, accounting for shrub 561 
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layer responses to a changing overstorey cover will additionally be important to predict future understorey 562 

responses to global change.  563 

5. Conclusions 564 

This study shows that understorey aboveground biomass, nutrient concentrations and stocks in mature 565 

temperate forests across Northwest Europe are predominantly determined by the characteristics of the 566 

overstorey, but also by past land use. These drivers influence resource availability and growing conditions at 567 

the forest floor which in turn determine understorey biomass, nutrient concentrations and stocks. We also 568 

found that direct effects of global-change drivers on understorey biomass and nutrient stocks were absent 569 

and that their indirect effects (influencing resource availability and growing conditions at the forest floor) 570 

were less important than the indirect effects of the overstorey (except for past land use effects). Our findings 571 

suggest that understorey biomass and nutrient stock responses to global change might be limited in the 572 

presence of a dense overstorey, highlighting the buffering role of the overstorey in temperate forests.  573 
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