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Abstract	

• Aims. Disentangling direct and indirect effects of global change drivers on plant nitrogen 

(N) uptake in leaves is important for understanding species and community responses in 

a changing world. 

• Methods. We created understorey herb communities on forest soils with and without 

recent agricultural history. We traced pulse additions of 15NH415NO3 within these 

mesocosms while applying two-level factorial treatments of N enrichment, warming and 

illumination. We modelled direct and indirect effects of treatments on leaf N content and 

15N uptake in leaves. 

• Results. Warming and illumination had three times larger direct negative effects on leaf 

N content per dry mass and percentage leaf N derived from label (NdAl%) than their 

indirect negative effects via an increasing community cover. These results imply a tissue 

dilution of N with increasing growth, in response to environmental change directly and 

indirectly exacerbated by community cover. We additionally found that interspeciAic 

differences in NdAl% correlated with a species’ colonisation capacity and resource 

acquisition strategy. 

• Conclusions. Global change can directly affect allocation of N into foliage, with 

simultaneous indirect effects via altered community properties that inAluence individual 

plant responses. Predicting the future of plant communities in a changing world requires 

accounting for such understudied pathways. 
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• CI: conAidence interval (95%) 

• CWM: community weighted mean 

• Leaf N content (%): leaf nitrogen content per unit of leaf dry mass (gram gram-1 * 100) 

• N: nitrogen 

• NH4NO3: ammonium nitrate  

• NdAl%: percentage of leaf nitrogen content derived from label 

• P: Phosphorus 

• PAR: Photosynthetically active radiation 

• SLA: speciAic leaf area 

• SE: standard error 

• SEM: structural equation model 
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Introduction	

The extent of abandoned arable land has been increasing across the globe since the latter half of 

the 20th century (Cramer et al. 2008; Waters et al. 2016). Legacies of prior agriculture, 

particularly nutrient enrichment in the soil, can persist there for decades to centuries 

(Falkengren-Grerup et al. 2006; Grossmann and Mladenoff 2008; Leuschner et al. 2014; 

Yesilonis et al. 2016). These land-use legacies can, combined with other global-change drivers, 

steer important ecosystem patterns and processes such as plant community composition and 

nitrogen (N) cycling (Perring et al. 2016). In temperate forests, herbaceous communities have a 

key role in the cycling of N via their  foliage and back into the soil organic matter (Gilliam 2007). 

Despite this layer only representing about half of the foliar biomass as compared to overstorey 

trees (Landuyt et al. (in press); Gilliam 2007), herbaceous species have higher N assimilation 

rates than canopy trees (Buchmann et al. 1996) and root in shallower nutrient rich topsoil 

layers (Jobbágy and Jackson 2001). This means the leaf litter of herbaceous species is of better 

quality compared to foliage of woody species, due to leaf traits that promote N uptake (Cornwell 

et al. 2008; Dı́az et al. 2016). Changing N uptake in herbaceous communities due to legacies of 

prior agriculture and other global change drivers could thus affect forest ecosystem functioning 

as a whole, and may depend on ecological strategies of species (Gilliam 2007). 

Functional leaf traits determine N uptake of forest herbs and correlate with a species’ 

colonisation capacity and life-history strategy (Verheyen et al. 2003). Leaf traits of species 

follow a fast-slow resource acquisition continuum (Wright et al. 2004). These leaf traits, such as 

the leaf area to mass ratio (speciAic leaf area, SLA) and the leaf N content per dry mass,  either 

promote large N uptake for fast carbon accumulation (resource acquisition), or resource 

conservation with slow carbon accumulation (Wright et al. 2004; Reich 2014; Dı́az et al. 2016). 

Species that initially colonise abandoned arable land (post-agricultural forest) occur at the fast 

end of the resource acquisition continuum and have a “fast” life-history, i.e. high relative growth 

rates and short lifespans (Dı́az et al. 2016; Beckman et al. 2018). Such fast colonisers have leaves 
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that are characterised by a high SLA and high leaf N content per dry mass (Verheyen et al. 2003) 

to efAiciently capture light in bright and nutrient enriched conditions (Poorter and Evans 1998; 

Evans and Poorter 2001).  

Contrastingly, on the slow and resource conservative end of the spectrum, we observe species 

that slowly colonise into post-agricultural forest and are typical of ancient forest  (Verheyen et 

al. 2003). Slow colonisers have resource conservative leaf traits (Dıáz et al. 2016) that, between 

species, are characterised by a low SLA and low leaf N content per dry mass (Verheyen et al. 

2003). These resource conservative leaf traits arise from two contrasting life-history strategies 

that allow competition for light in shaded conditions (Verheyen et al. 2003; Valladares et al. 

2016). First, there are “vernal” geophytes with relatively thick leaves that emerge under fully 

lighted conditions in early spring (before tree canopy Alush) and senesce when the forest canopy 

closes in late spring (Mabry et al. 2008). Second, there are shade tolerant species, which keep 

photosynthetic tissues throughout the growing season under a closed canopy in dark conditions. 

IntraspeciAic variation of leaf traits in these species can occur as they are particularly sensitive to 

sudden changes in light conditions (Valladares and Niinemets 2008; Liu et al. 2016).  

Multiple global change drivers such as climate change, N enrichment from atmospheric 

deposition and land-use legacies additionally affect foliar N in the herbaceous understorey 

(Gilliam 2007). Environmental changes can have direct physiological effects or indirect 

community effects on foliar N (Manning et al. 2006). N content per dry mass in herbaceous 

leaves can directly respond to light and warming, and “dilute” (i.e. decrease) due to increases in 

plant size and carbon acquisition rates (Jarrell and Beverly 1981; Takeuchi et al. 2001; Yin 2002; 

Sardans et al. 2017). Contrastingly, a direct increase in leaf N content per dry mass can occur in 

response to N enrichment from deposition (Fraterrigo et al. 2009; Farrer and Suding 2016) or 

legacies of prior agriculture (Baeten et al. 2011; Siefert and Ritchie 2016). At the community 

level, indirect effects can occur as nutrient enrichment in warm and bright conditions could 

steer community trait distributions towards dominance of species with innate high tissue N and 
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SLA (Gilliam et al. 2016).  On the other hand, these environmental drivers could enhance 

biomass production of the whole community (Kardol et al. 2010)  and increase vegetation cover 

(Muukkonen et al. 2006). Larger vegetation cover raises asymmetric competition for light 

between individuals, which pushes plants to invest more in vertical growth (Freckleton and 

Watkinson 2001; DeMalach et al. 2016, 2017). Environmental change could thus indirectly 

exacerbate a decline in leaf N content per dry mass of plants via the community biomass 

production (Craine et al. 2018; Stevens 2019). Biomass production in forest understoreys is, 

however, seasonally variable and depends on life-history strategies of species (Jagodziński et al. 

2016). 

To understand the effects of environmental change on forest herb N uptake, on both a species 

and community level, we need to determine N uptake independently of species’ preference for 

either ancient or post-agricultural forest. We therefore mixed forest herbs with different 

colonisation abilities and life-history strategies to document herb N uptake under multiple 

environmental changes and on soils with different land-use history. We monitored direct in	situ 

added inorganic N uptake in forest herbaceous communities via 15NH415NO3 pulse labelling. We 

hypothesize that:  

1. Warming, light availability, N enrichment and agricultural legacies can affect N allocation 

to leaves in plants. Changes in plant community dynamics can alter these effects. 

Enhanced growth of plants could potentially lead to a dilution of tissue N within plant 

species. 

2. The ability of forest herbs to take up the inorganic 15N tracer in leaves correlates with a 

species’ colonisation capacity and its resource acquisition strategy. Fast colonising 

resource acquisitive species, as characterised by high SLA and leaf N content per dry 

mass, retrieve more 15N tracer than slow colonising resource conservative species, which 

are characterised by a low SLA and leaf N content per dry mass.  
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Materials	and	Methods	

We performed an in	situ	forest mesocosm experiment where we mixed herbaceous species with 

different colonisation abilities and planted these on soils from both ancient forest (forested 

before at least 1850) and post-agricultural forest (forested since 1950). We selected 64 

mesocosms (from a larger Aield experiment) with closely matching soil texture and pH to inject 

with the 15N tracer. This was to limit confounding of plant N uptake with inherent soil fertility 

and to isolate effects that agricultural history had on the chemistry of the soil samples (See 

Supplementary Table 1 and Blondeel et al. 2018). 

We have two soils from two north-western European regions, with two ancient and two post-

agricultural forest soils of each region (treatment “LU” with two replicates), using two-level 

treatments of N enrichment (treatment “N”), warming (treatment “T”) and light addition 

(treatment “L”). The 64 mesocosms thus comprise a full-factorial design, i.e. 2 regions x 2 

replicates x 2 LU x 2N x 2T x 2 L = 64. In the following sections, we describe the speciAicities of 

the forest site, the soil collection and plant community creation (set-up of mesocosms), the 

environmental treatments, the use of 15N tracer, the measurement of plant traits and community 

variables, and data analysis. 

Site description 

The study was conducted in the long-term ecological research site (LTER) Aelmoeseneie forest 

(50°58′30” N, 3°48′16” E, 20 m a.s.l), a temperate mixed deciduous forest in Northern Belgium 

(DEIMS-SDR Database 2019). It has a temperate Atlantic maritime climate with a mean annual 

temperature (MAT) of 10.6 °C, mean annual precipitation (MAP) of  768 mm and annual N 

deposition (2016) of 15.5 kg N ha-1 (DEIMS-SDR Database 2019, ICP forest).  The tree canopy 

(90% cover) is dominated by Fagus	sylvatica, Quercus	robur, Acer	pseudoplatanus, Fraxinus	

excelsior and Larix	decidua.	The in	situ manipulations on the mesocosms occur in a 1.8 ha fenced 

area within the forest.  
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Set-up of mesocosms: planting soils with herbaceous communities 

All soils were collected from ancient forest and post-agricultural forest across regional gradients 

of soil fertility and N deposition (Blondeel et al. 2019). The soil provenances of the 64 

mesocosms are Flanders, northern Belgium (50°58′30” N, 3°48′16” E, MAT = 10.1 °C, MAP = 772 

mm and N deposition = 22.5 kg N ha-1) and Skåne, southern Sweden (55° 32’ 47” N, 13° 14’ 28” 

E, MAT = 7.7 °C, MAP = 765 mm, N deposition = 12.2 kg N ha-1). Within each of these two 

regions, we use soil from two adjacent pairs of ancient forest (forested since at least 1850) and 

post-agricultural forests (forested since 1950) as substrates for the plant communities 

(treatment land-use history, “LU”). The legacy of prior agriculture in the particular soils was 

most evident in the higher soil pH (+0.61 pH units ±0.052 standard error (SE)), lower soil C:N 

ratio (-1.77±0.09 SE) and a higher soil Olsen-P concentration (+45 mg kg-1 soil ±2.64 SE) of post-

agricultural forest in comparison with ancient forest (supplementary Table 1).  We placed the 

sampled soil (13L per mesocosm) in pre-drilled trays (46.5 × 31.5 cm, depth of 19.5 cm) on top 

of 9 L of white sand to ensure proper drainage. We applied a root fabric liner in the trays to 

ensure that plants would not root in the site’s local soil. The mesocosms were buried into the 

soil such that the top of the mesocosms was level with the soil surface.  

We randomly introduced slow and fast colonising plant species to these soils. We compiled a 

pool of Aifteen species commonly found in temperate European forests (Supplementary Table 2) 

and divided this species pool according to three emergent groups that are linked with a species’ 

colonisation capacity (Verheyen et al. 2003; De Frenne et al. 2011). We used the colonisation 

capacity index (CCI) reported by Verheyen et al. (2003) to determine a species ability to 

successfully colonise into post-agricultural forest. Verheyen et al. (2003) observed differences in 

functional and life-history traits between 216 herbaceous species that have colonised and/or 

established in post-agricultural forests to varying degrees, or either remain conAined in ancient 

forest. These recorded establishments allow the correlation of traits that lead to a successful 

colonisation (as in assessing dispersal syndromes, see Stevens et al. 2013). The colonisation 
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capacity index (CCI) is a scale that captures this variation in colonisation success between 

species and is related to functional and life-history traits (Verheyen et al. 2003). The CCI ranges 

from -100 to +100, where more negative values indicate a higher capacity to successfully 

colonise into post-agricultural forests (Verheyen et al. 2003). All but one species (Hedera	helix) 

was reported by Verheyen et al. (2003), for this species we assume a CCI of 50 based on the fact 

that it can be dispersed by birds but that it has difAiculty in colonising isolated forest patches 

(Butaye, Jacquemyn, & Hermy, 2001). 

The three emergent groups comprise species that differ in their capacity to colonise post-

agricultural forest. The Airst group are six poor colonisers with resource conservative traits that 

are typical of ancient forest (Group A: Anemone	nemerosa	L.,	Galium	odoratum (L.) Scop.,	Vinca	

minor	L.,	Hyacinthoides	non-scripta	(L.) Chouard ex Rothm.,	Polygonatum	multi!lorum (L.) All.	

and	Carex	sylvatica	Huds).	The second group are six common colonizers of post-agricultural 

forest with intermediate colonisation capacity and resource acquisition strategies (Group B: 

Ajuga	reptans L., Glechoma	hederacea	L.,	Geranium	robertianum	L.,	Hedera	helix	L., Poa	nemoralis, 

L., Ficaria	verna	Huds.). The Ainal group are three resource acquisitive nitrophilic species with a 

higher afAinity towards post-agricultural forest (Group C: Aegopodium	podagraria	L.,	Poa	trivialis	

L.,	Urtica	dioica	L.). Each of the twelve randomly assembled communities hosts Aive species and 

was randomly assigned two poor colonisers, two common colonisers of post-agricultural forest 

and one nitrophilic species (Supplementary Table 3). These Aive species were planted four times 

per tray at equal distances (a grid of 7 × 8.5 cm²), resulting in 20 plants per mesocosm. All 

mesocosms were installed in random groups of four (referred to as a “plot”) to apply 

manipulative experimental treatments, as explained in the next section and following methods 

of De Frenne et al. (2015) and Ma et al. (2018). 
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Manipulating the environment: N enrichment, warming and enhanced light 

availability  

We have applied three full-factorial environmental changes with two levels per treatment to all 

mesocosms. Treatments started in April 2016 and consist of (i) N enrichment; (ii) experimental 

warming and (iii) enhanced light availability. A detailed overview of the mesocosms and their 

assigned treatments are given in Supplementary Figure 1 and Supplementary Table 4. 

The Airst treatment is N enrichment (treatment “N”) where we add the equivalent of 50 kg N ha-1 

yr1 to our mesocosms in addition to the ambient amount of N deposition (15.5 kg N ha-1 yr1 in 

2016). This amount of N addition is high on a regional level, but possible near localised sources 

of N deposition e.g. near livestock farms (Bobbink et al. 2015). We added 0.25 L of a 2.01 g L-1 

solution of NH4NO3 per mesocosm (50 kg N ha-1 yr-1 eq.) and sprayed the plants with 0.25 L of 

demineralised water. We performed this treatment four times per year at the start of each 

season. The control mesocosms received 0.5 L of demineralised water at the same time as the N 

addition. 

The second treatment consisted of experimental warming (treatment “T”) via the use of open 

top chambers  with a 75 cm open top (De Frenne et al. 2010). Control plots were left to ambient 

temperatures. We measured air temperature (15 cm above forest Aloor), surface temperature (0 

cm) and soil temperature (5 cm depth) in eight plots, one for each factorial combination of light 

x warming x nitrogen, using 24 thermocouples (Type T miniature, TC Direct, The Netherlands) 

which log every 30 seconds (CR1000, Campbell ScientiAic, USA). At the time of the tracer 

experiment (6 March 2017 - 20 May 2017), we measured a signiAicant increase (p<0.05) in daily 

mean air temperature (at 15 cm height) of 1.13±0.36 °C, and insigniAicant increases (0.23±0.36) 

in the surface temperature (at 0 cm) and soil temperature  (0.39±0.36 °C ) at 5 cm depth 

(Supplementary Figure 2).  

The third treatment, enhanced light availability (treatment “L”), adds 24 ±4µmol m-2s-1 PAR to 

the ambient light conditions by use of two 18 W Aluorescent tubes suspended 75 cm above 
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ground level of each plot (Supplementary Figure 3). These lights are programmed to follow the 

natural photoperiod throughout the year (De Frenne et al. 2015). Control plots receive ambient 

light under the tree cover of 90% (8 ±0.7 µmol m-2s-1) and have a dummy lamppost suspended 

over the plot. 

Addition, sampling and analysis of labelled 15NH4+ and 15NO3- 

The uptake of mineral N was followed via four pulse additions of 15NH415NO3 (with 15N at 98 

atom % excess). A grid with 20 sections of 8.5 × 7 cm² each was placed over the mesocosms with 

each section receiving four injections (of 0.5 mL) in order to obtain a homogenous distribution 

of the 15N tracer over the whole mesocosm. The total amount of 15N tracer added, equalled 8 % 

of the average total soil N concentration or 29.9 mg N per mesocosm. We decided to add 8 % of 

the average total soil N concentration as tracer, to minimise a fertilisation effect but still 

ensuring sufAicient recovery of 15N.  The injection was performed with a syringe that could 

penetrate the soil at 1 cm depth. The injections were repeated four times: once per week from 

the 19th of April until the 10th of May 2017.  This is the time when community peak biomass 

develops with considerable species turnover in understorey communities (Jagodziński et al. 

2016). We acknowledge that varying phenology between species can be the basis of differences 

in uptake of inorganic tracer N. Early-Alowering species would have allocated N to leaves prior to 

the second half of April from either nutrient-storing organs (Klimešová et al. 2016), and 

inorganic or organic N from the soil (Miller et al. 2007). By applying the tracer in this time-

window, we aim to infer the fate of the inorganic 15N pulses when all species in the community 

are present and the community as a whole reaches peak biomass under multiple global change 

treatments.  

We harvested at least two leaves per individual on 17th May 2017, and only leaves which 

emerged during that growing season.  We pooled leaf samples of the same species within each 

mesocosm prior to 15N analysis. Glechoma	hederacea	and	Geranium	robertianum were excluded 

from the analysis since an insufAicient amount of leaf samples (<5) were collected. Leaf samples 
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were dried at 65 °C for 48 h and milled for 5 min at 200 rpm (Mixer Mill MM 200, Retsch, 

Germany). Grass tissue samples were milled for 10 min to obtain the same fragmentation degree 

as the other plant species. Total leaf N content per leaf dry mass (%, gram gram-1 ×100) and 15N 

abundance (at. %) were measured using an elemental analyzer (ANCA-SL, SerCon, UK) coupled 

to an isotope ratio mass spectrometer (20-22, SerCon, UK). The 15N natural abundance of all 

species was around 0.37 % in the original planting material, so we used this value throughout 

the analysis (Supplementary Table 5).  We expressed the enrichment in 15N as a percentage of N 

derived from label (NdAl%) (International Atomic Energy Agency 1983), which gives the 

percentage of N in the leaves that are added via the tracer, with 0% being no tracer recovered 

(Equation 1).  

����% = 	� �	
��	���	
�� − 0.37
�	
��
	�������� � ∗ 	100 

Equation 1: Calculation of the percentage N derived from label (referred to as "N derived from 
fertiliser" (Ndff) by International Atomic Energy Agency, 1983). The numerator consists of the 
measured 15N abundance in a given leaf sample (at. %) subtracted with the natural abundance of 
15N (0.37 at. %). The denominator notes the abundance of 15N in excess in the labelled NH4NO3, 
which was 98 at.%. 

Measuring plant and community variables 

We measured leaf N content per dry mass and speciAic leaf area (SLA) as the functional leaf traits 

in our analysis (for terminology, see Garnier et al. 2016). Leaf N content per dry mass (%) was 

measured during the analysis of 15N isotopes and is described in the section above. We 

measured speciAic leaf area (SLA) from fresh leaves (excluding petioles) at the time of peak 

biomass (supplementary information Table 2). We took digital RGB images at 30 cm height (13 

MP camera) of the leaves on a white background with a red square reference area (4 cm²). We 

calculated leaf area using the digital analysis tool “Easy Leaf Area” (Easlon and Bloom 2014), 

which calibrates the area of green pixels in the image in relation to the red reference area. After 

measuring leaf area, samples were dried for 48 h at 65°C to ensure a constant dry weight. 
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SpeciAic leaf area was calculated as the ratio of the leaf area to dry mass and expressed in 

cm²mg-1.  

Total vegetation cover is a community property that is linked with biomass production, 

vegetation density, and asymmetric competition for light (Muukkonen et al. 2006; DeMalach et 

al. 2017). Total vegetation cover could thus inAluence N uptake, via a larger community biomass 

production and larger asymmetric competition for light, which could dilute leaf N. Total 

vegetation cover was measured three times during the experiment: before the Airst 15N pulse 

(17th of April), at the third 15N pulse (2nd of May) and just before the harvest of leaves for 15N 

analysis (17th of May). We took digital RGB images at 75 cm height of the mesocosms 

perpendicular to the soil surface and used the “Canopy Area” tool which measures green pixels 

of vegetation and recalculates this into a total cover percentage (Easlon and Bloom 2014). The 

vegetation cover ranged between 40% and 80% (see Figure 2B). These plant communities are 

consequently not overly dense, while individual leaves of plants can still overlap but remain 

recognisable. Individual species cover was later assessed by visually checking the digital images 

for the share of each species in the total vegetation cover of each mesocosm, because the 

“Canopy Area” tool cannot discriminate cover between species. We used this species cover value 

to weight the intraspeciAic SLA in each mesocosm in order to calculate a community weighted 

mean value of SLA (CWM SLA). 

Data analysis 

All hypothesis tests and data analyses were performed using R (R Core Team 2019). We 

consistently applied linear mixed effects models (package nlme,; Pinheiro, Bates, DebRoy, Sarkar, 

& R Core Team, 2018) with “Region” as a random intercept.  

In hypothesis 1, we test direct and indirect effects of environmental changes on species’ leaf N 

content per dry mass and NdAl%. As this is a complex question, we used the package 

“piecewiseSEM” to build a structural equation model (SEM) (Lefcheck 2016). The main idea of 

this type of SEM is to perform SEM analyses on hierarchically structured data. A certain 
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response variable can be added as a predictor variable in a next model, with regression 

coefAicients and p-values for each model calculated directly when Aitting the SEM. To check 

whether the overall hypothesised relationships are consistent with the data, a Fischer C test is 

computed for which p has to be greater than alpha (0.05).  

The hypothesised relationships allow checking for direct and indirect effects of the four 

environmental treatments (T, L, N, LU as main effects) on four partial responses: CWM SLA (a 

community trait characteristic, cm² leaf area per mg of leaf dry mass), total  vegetation cover 

(%), leaf N content per dry mass (%) and the retrieved 15N as NdAl % (Figure 1a, Table 1). The 

Airst relationship shows the CWM SLA as a community response to the four environmental 

treatments, as we have assembled twelve communities with different species and leaf trait 

combinations. This relationship tests whether communities veer towards dominance of 

individuals and species with high SLA under bright, warm and nutrient enriched conditions. The 

second is a response of total vegetation cover to the CWM SLA and the four environmental 

treatments. This relationship tests whether vegetation cover increases due to a changing 

community or to environmental treatments directly. The third is the response of leaf N content 

per dry mass (accounting for species identity) to the vegetation cover and the environmental 

treatments. This relationship tests whether enhanced community growth could cause a dilution 

of tissue N. We adopted leaf N content per dry mass in the SEM in favour of SLA because we 

expect that these two variables are highly correlated (see hypothesis 2) and that leaf N would 

potentially better reAlect the uptake of N (see Firn et al. 2019). The Ainal relationship tests the 

15N retrieval (NdAl%) to variation in species’ leaf N content per dry mass (species identity effect 

+ leaf N) together with direct effects of the four environmental treatments. In this model, two 

opposing trends in foliar N are tested: species can show interspeciAic differences in leaf N, but 

environmental changes can directly cause growth dilution of tissue N across species.  Prior to 

running the SEM, we tested these relationships for normality assumptions using a Shapiro-Wilk 

test and checking residuals with a histogram and qq-plot. We log-transformed the response 

variable if necessary to attain normality in residuals, which only applied to NdAl%.   
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After computing the SEM, we compared the effect sizes of direct vs indirect effects of 

experimental treatments on both leaf N content per dry mass and NdAl%. Quantifying the 

indirect effect size of an environmental treatment is obtained by the multiplying the coefAicients 

of signiAicant pathways that start from a given experimental treatment and indirectly lead to one 

of either focal response variables. We calculated net effects of each treatment by adding the 

signiAicant direct and indirect effects, and computed a ratio of Direct:Indirect effects to compare 

effect sizes. The pathway of indirect effects for leaf N content per dry mass can potentially occur 

via CWM SLA and/or Cover, while the pathways for indirect effects of a treatment on NdAl% can 

potentially occur via the net effect of that treatment on leaf N.  

In hypothesis 2, we test whether the labelled 15N will be retrieved most by fast-colonising 

nitrophilic species with high leaf N content per dry mass (%) and high speciAic leaf area (SLA, 

cm²mg-1), i.e. resource acquisitive leaves (Dı́az et al. 2016). We calculated Pearson’s correlation 

coefAicients (Pearson’s r, alpha = 0.05) between the percentage N derived from label (NdAl%) in 

leaves and leaf N content per dry mass, SLA and a species’ colonisation capacity index (CCI). To 

check for the relationships between the leaf traits and colonisation ability independently of 

Nfdl%, we computed Pearson’s r between leaf N content per dry mass and SLA, leaf N content 

per dry mass and CCI, and SLA and CCI.  

Results	

In hypothesis 1, we tested direct and indirect effects of N enrichment, warming, enhanced light 

availability and agricultural land-use history on leaf N content per dry mass (%) and 15N uptake 

(NdAl%), mediated by the community vegetation cover (%) and community weighted mean of 

speciAic leaf area (CWM SLA ) in a structural equation model ( Figure 1b). The overall SEM had a 

Fischer C of 3.16 with a p-value of 0.977, which indicates that the retained relationships are a 

valid description of the system (for the full model description with all coefAicients, see 

Supplementary Table 6). The N enrichment treatment and the CWM SLA did not signiAicantly 

affect any response variable. We found signiAicant positive and direct main effects of past 
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agricultural history (+9.26±2.3, p<0.0001, unit: %), enhanced light availability (+17.1±2.3, 

p<0.0001, unit: %) and warming (+12.4±2.3, p<0.0001, unit: %) on total vegetation cover 

(Figure 2a). The increasing total vegetation cover in response to environmental change in turn 

led to a lower species’ leaf N content per dry mass(-0.006±0.003, p=0.03, Figure 2b) which 

constitutes as an indirect effect. Direct negative effects of warming (-0.25±0.09, p=0.0095) and 

illumination (-0.31±0.10, p=0.0013) on leaf N content per dry mass across species occurred as 

well. Finally, the log-transformed 15N uptake by species (log(NdAl%)) had a direct negative 

response to warming (-0.23±0.11, p=0.03), but a positive response (+0.43±0.09, p<0.0001) to 

species’ leaf N content per dry mass (%).  

When comparing the effect sizes of the direct and indirect effects of the environmental 

treatments on both leaf N content per dry mass and NdAl% (Table 2), we observed that 

signiAicant direct effects were between 1.7 and 3.3 times larger than signiAicant indirect effects 

of the same treatment. However, more signiAicant indirect effects occurred for both leaf N 

content per dry mass (2 direct, 3 indirect) and NdAl% (1 direct, 3 indirect). All signiAicant direct 

and indirect effects of environmental treatments on both responses were negative, hence net 

effects of environmental treatments lowered both leaf N content per dry mass and NdAl%.  When 

summing signiAicant effects of experimental treatments, we found that the direct effects of 

warming (T) and illumination (L) on leaf N (%) surpassed the indirect effects (from T,L,LU) via 

vegetation cover by 2.4 times. Notice that indirect effects on leaf N % occur via Cover, and on 

log(NdAl%) via leaf N.  For NdAl%, the direct effect of warming (T) was 0.7 times smaller than the 

indirect effect of combined treatments via leaf N content per dry mass (originating from T,L,LU 

via vegetation cover). But leaf N% also directly affects NdAl%, and the summed indirect effects of 

the treatments on log (NdAl%) via leaf N (-0.341) did not cancel out the positive direct effect of 

leaf N % (+0.43, see Figure 1B). 

In hypothesis 2, we tested whether 15N retrieval in foliage is greatest in fast colonising 

nitrophilic species with resource acquisitive leaf traits. When looking at the correlations 
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between the leaf traits and CCI, we found that leaf N content per dry mass and SLA were 

positively correlated (Pearson’s r = 0.54, p<0.0001), and that leaf N content per dry mass  

(Pearson’s r =- 0.45, p<0.0001) and SLA (Pearson’s r =-0.38, p<0.0001) were both negatively 

correlated with CCI. More importantly, we found that the percentage N derived from label 

(NdAl%) in leaves was negatively correlated with a larger afAinity of plant species for ancient 

forest (Colonisation Capacity Index (CCI), Pearson’s r=-0.38, p<0.0001, Figure 3a) and positively 

correlated with leaf N content per dry mass (unit: %, Pearson’s r=0.45, p<0.0001, Figure 3b) and 

SLA (unit: cm² mg-1, Pearson’s r = 0.64, p<0.0001, Figure 3c). Looking at the three best 

colonisers (Urtica	dioica,	Poa	trivialis	and	Aegopodium	podagraria), these had an NdAl% of over 6 

%, with the highly competitive nitrophile Urtica	dioica (Parzych et al. 2017) even obtaining 9 % 

of its foliar N from the pulse additions. Contrastingly, the most N conservative species (NdAl 

<1%) that we found were Hyacinthoides	non-scripta,	Anemone	nemorosa,	Polygonatum	

multi!lorum,	Hedera	helix	and	Vinca	minor, all understorey species typical of ancient forest.  

Discussion	

We documented plant N uptake of forest herbs under the inAluence of environmental change 

treatments and agricultural legacies, by analysing direct and indirect of these changes on foliar 

N.  Applying a 15N tracer at the height of spring allows us to infer the fate of inorganic N pulses in 

leaves at a time when all species in the community are present and the community as a whole 

reaches peak biomass under multiple global change treatments. The structural equation model 

conAirmed our Airst hypothesis that environmental change treatments and agricultural legacies 

can have direct effects on leaf N content per dry mass and percentage leaf N derived from label 

(NdAl%) with indirect effects via community properties. Of these treatments, warming and 

illumination were the most important, and their direct effects were between 1.7 and 3.4 times 

larger than their indirect effects. Additionally, we conAirmed our second hypothesis that large 

interspeciAic differences in NdAl% would correlate with a species’ colonisation capacity and 

resource acquisition strategy. The results thus show that environmental changes directly and 
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indirectly affect forest herb N uptake, and that the magnitude of this effect depends on the 

position of a species  along the resource acquisitive – conservative continuum (Wright et al. 

2004; Reich 2014; Dıáz et al. 2016).  

Direct and indirect effects of environmental changes on plant N uptake 

Using structural equation modelling, we were able to disentangle direct and indirect effects of 

agricultural land-use history and environmental changes on leaf N content per dry mass and the 

inorganic 15N uptake in leaves (NdAl%) within species. Contrary to our expectations, we found 

neither direct nor indirect effects of N enrichment and community weighted mean of SLA (CWM 

SLA) on any response variable. The N enrichment treatment may produce interactions with 

other drivers to inAluence community responses (Dirnböck et al. 2017; Perring et al. 2018; 

Schmitz et al. 2019), with a potential absence of any main effect. We deliberately excluded 

interactions from the analysis as it would overcomplicate and convolute the SEM, and we mostly 

expected strong main effects. Due to the seasonal frequency of the N addition, main effects of N 

enrichment could also have been overshadowed by the rather high ambient N deposition in the 

test site (15.5 kg N ha-1 in 2016) which falls in the range of the critical load for deciduous forest 

(Bobbink et al. 2015). The lack of environmental treatments affecting CWM SLA suggests that 

there were no major shifts in community composition towards selection of species with high 

SLA under nutrient enriched, bright and warm conditions since the time of planting (2 years). 

The community cover did however increase in those conditions, but independently of CWM SLA. 

Leaf N content per dry mass responded directly and indirectly to the treatments. We found 

direct negative effects of enhanced light availability and warming on leaf N content per dry mass 

This effect could indicate that more foliar N is beneAicial in low light environments within 

species, which could originate from a compensatory mechanism where plants invest more in 

foliar N under suboptimal conditions for photosynthesis (Niinemets 1997).  On the other hand, 

warm and bright conditions (canopy gaps) can increase photosynthetic rates (Paul-Limoges et 

al. 2017), which raises carbon acquisition and enhances plant growth, but with a higher tissue 
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C:N ratio which reAlects a tissue dilution of N (Jarrell and Beverly 1981; Takeuchi et al. 2001; Yin 

2002; Sardans et al. 2017). This tissue dilution of N can have important effects on N cycling in 

the food web, as it is a mechanism that decreases the quality of leaf litter (Cornwell et al., 2008; 

Hobbie, 2015).  We observed that this dilution mechanism could be exacerbated by enhanced 

community growth via an indirect effect of environmental treatments. Warming, illumination 

and agricultural history together nearly doubled vegetation cover, which for one correlates with 

community biomass production (Muukkonen et al. 2006; Heinrichs et al. 2010). This increase in 

vegetation cover explained additional variation of decreasing leaf N content per dry mass across 

species. This additional dilution effect might originate from asymmetric competition for light 

between individuals, which pushes plants to invest more in vertical growth (Freckleton and 

Watkinson 2001; DeMalach et al. 2016, 2017).  The effect size of this indirect effect via 

vegetation cover is, however, three times smaller than the direct lowering effects of illumination 

and warming on leaf N content per dry mass. In addition, the slope of this vegetation cover effect 

is subtle compared to the large interspeciAic differences in leaf N content per dry mass that we 

observed.  

The percentage leaf N derived from label (NdAl%) responded to the leaf N content per dry mass 

of species and the warming treatment. The direct positive effect of leaf N content per dry mass 

showed that there are large interspeciAic differences in NdAl%, and these differences can be 

predicted by a species’ average leaf N content (%). This positive direct effect on NdAl% did not 

cancel out when accounting for the indirect negative effects of combined environmental 

treatments (T,L,LU) on leaf N content per dry mass. In addition, warming was the only 

environmental treatment that directly affected NdAl%, and reAlected a lower NdAl% in warmer 

conditions. A similar negative effect was found in leaf N content per dry mass, and may also 

result from a tissue dilution in N due to enhanced growth (Jarrell and Beverly 1981).  Overall, we 

found that species’ innate leaf N content remains the main predictor for foliar N uptake (as 

measured by NdAl%) as its effect size is nearly double than that of the warming treatment. 
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N uptake by forest herbs follows the fast – slow continuum of plant forms 

At the time of community peak biomass and across environmental treatments, fast colonising 

forest herbs with acquisitive leaf traits had more leaf N derived from label (NdAl%) than slow 

colonising and resource conservative species. These results are intuitive and expected (Tilman 

1990), but this is to our knowledge the Airst time where this has been tested using a N tracing 

experiment in temperate forest herbs and across multiple environmental manipulations (for 

other ecosystems, see Andersen and Turner 2013; de Vries and Bardgett 2016). Our N tracing 

experiment conAirms that forest herbs follow the global fast – slow continuum of functional 

plant traits and strategies (Reich 2014). This fast-slow continuum of plant forms arises from 

resource acquisition and leaf construction (Wright et al. 2004; Dı́az et al. 2016), its connection 

with fast and slow life-history strategies (Adler et al. 2014; Reich 2014) and dispersal ability 

(Beckman et al. 2018). We found that species that naturally grow in post-agricultural forests 

retrieved more of the inorganic tracer N in their leaves. These species,	e.g.	Urtica	dioica, have 

higher relative growth rates and accumulate biomass until the end of the growing season 

(Fichtner and Schulze 1992), unlike spring Alowering (vernal) species who quickly stall in 

growth once they reach peak biomass (Paul-Limoges et al. 2017). 

Caution in inference of the experimental Aindings 

We identiAied four potential limitations to our study, which need to be addressed to properly 

infer the Aindings from our experimental study. First, the phenology and stalled growth of vernal 

species towards May likely contributed to a lower NdAl% in their leaves in comparison with the 

fast colonisers, which tend to Alower later in the growing season. However, our Ainding of a lower 

leaf N content per dry mass in slow colonisers still suggests that these early Alowering species 

are N conservatives (as in Hofmeister et al. 2012). Second, species that had already reached 

peak aboveground biomass before our tracing period (half of April) would have built up N from 

other sources (including organic and inorganic soil N) and could have allocated the tracer N to 

roots or other nutrient storing organs. We did not sample any below ground traits to avoid 
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damage to the communities, and instead were interested in responses of N uptake in leaves to 

environmental change treatments. Such allocation patterns of N to roots in favour of leaves can 

however differ under environmental changes, depending on plant functional types (Sugiura and 

Tateno 2011; Freschet et al. 2015; Sardans et al. 2017) and the preferred N source of species 

(Miller et al. 2007). Whether organic N uptake could alter in forest herbs due to environmental 

change is speculative but worthy of further research. 

 A third issue is a potential inhibiting effect of labile Al on the uptake of inorganic N in plants, 

which could vary due to the forest land-use history (Burnham et al. 2017). While labile Al can 

inhibit N uptake in many species, it is likely that the forest herbs of our species pool are less 

affected by the adverse effects of Al. Many woodland species prefer to utilise NH4+, the more 

common inorganic N form in slightly (pH < 5) acidic forest soils (Falkengren-Grerup 1995). 

Instead, soluble Al can strongly decrease the availability of NO3-  indirectly, via an inhibition on 

nitrifying microbes (Yang et al. 2018), which is of less importance in our experimental setup 

because we added inorganic NH4NO3 to our mesocosms directly.  Furthermore, the availability in 

labile soil Al varied more strongly between regions than it did between pairs (i.e. due to land-

use history, see Supplementary Table 1), so that any variation in Al is largely taken into account 

with the hierarchical modelling.  

A Ainal issue is the possibility that a limited N supply (N limitation) was a driver for dilution in 

tissue N, rather than changing N allocation patterns in response to environmental change. In a 

supplementary analysis, we compared the maximal N demand of aboveground biomass in the 

mesocosms to a conservative estimate of the N supply (from available inorganic soil N pool and 

N deposition) to check whether an N deAicit could occur. If N demand calculated at maximum 

possible observed leaf N content per dry mass is always lower than the minimum N supply, then 

N limitation is an unlikely explanation for any altered N allocation to the leaves under changing 

environmental conditions. To be unequivocal in ruling out N limitation, it would be necessary to 

also include the N demand for belowground biomass (i.e. roots), but also the N that is supplied 
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via mineralisation of organic matter. We chose not to perform any destructive measures to our 

plant communities, so that we instead approach these estimates conservatively by accounting 

for aboveground biomass as N demand, and only N deposition and the available inorganic soil N 

as N supply.  Our estimates show that maximal N demand from aboveground biomass was lower 

than the minimal supply in all instances (in most cases, substantially lower), meaning that N 

limitation is not a likely driver for changing leaf N. Furthermore, we found that current estimates 

of N stocks in aboveground biomass still increase due to larger productivity under 

environmental change despite a dilution of tissue N. Given that N stocks in aboveground 

biomass increased strongly with larger total vegetation cover, and no mesocosms surpassed 

their N supply, our results imply that N is a non-limiting resource. A lack of N limitation may be 

further demonstrated by the absence of an effect of the N fertilization treatment in our model 

analyses (Figure 1B, Supplementary Table 6). 

Forest herbs and N uptake: implications for conservation in a changing world 

The results of our N tracing experiment could elucidate the poor performance of typical forest 

herbs in post-agricultural forests in the natural world. We observed a differentiated inorganic N 

uptake between slow and fast colonisers during the growing season’s peak of community 

turnover. This differentiated N uptake could exemplify common hurdles for biological 

conservation in ancient forest (Foster et al. 2003) and has potential effects for ecological 

restoration of post-agricultural forest (Honnay et al. 2002). The most N conservative species 

(NdAl <1%) that we found were Hyacinthoides	non-scripta,	Anemone	nemorosa,	Polygonatum	

multi!lorum,	Hedera	helix	and	Vinca	minor, all understorey plants of conservation concern in 

Western Europe (Hermy et al. 1999). Threats to these Alora in ancient forest are well 

documented (Gilliam 2007; Baeten et al. 2010), as communities shift towards higher abundance 

of competitive and resource acquisitive species in response to global changes (Bernhardt-

Römermann et al. 2011; Gilliam et al. 2016). Contrastingly, the fate of slow colonising and 

resource conservative species in post-agricultural forests is less well-known as they naturally 
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hardly occur there (Honnay et al. 2002). Development of forest understoreys can take decades 

up to centuries even if abiotic conditions are suitable for these species (De Frenne et al. 2011; 

Holmes and Matlack 2018). Individual slow colonising species can, however, gradually increase 

in abundance over time towards a community assembly akin to that of ancient forest (Naaf and 

Kolk 2015; Kolk et al. 2016). However, the gradual assembly of slow colonising species into post-

agricultural forest could create novel species interactions with the resident fast N species 

(Alexander et al. 2015) and lead to a potential competitive exclusion of slow colonisers in the 

long run (Baeten and Verheyen 2017). Successful biological introductions in these forests would 

therefore be difAicult to accomplish, with global environmental change inducing an additional 

level of uncertainty. 

Conclusions 

Our work assessed forest herb performance under environmental change from a distinct 

mechanistic angle by measuring in	situ plant N uptake in leaves. We found that environmental 

changes can directly alter allocation of N to leaves in plants, with simultaneous but smaller 

indirect effects by affecting community properties which inAluence individual plant responses. 

We demonstrated that spectra in resource acquisition and plant strategies (Wright et al. 2004; 

Adler et al. 2014; Reich 2014; Dı́az et al. 2016; Beckman et al. 2018) can additionally be used to 

predict such plant responses to multiple environmental changes. Future directions which focus 

on the role of forest herb communities in the cycling of N from multiple sources would be 

worthy of further research. Experiments able to disentangle direct and indirect effects of 

multiple environmental drivers are still scarce, but have the strength to assess mechanisms and 

test ideas that are difAicult to infer in the natural world. The insights that we have gained are 

relevant for conservation and restoration of herbaceous communities in temperate forest.  
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Tables	

 

Table 1: Four separate linear mixed effects models feed into the piecewise structural equation model, where the response of a former model becomes 
a predictor in the next, alongside the environmental treatments of land-use history (LU), warming (T), light addition (L) and Nitrogen enrichment 
(N). Two variables are measured on the community level: CWM SLA (community weighted mean of speciAic leaf area) and total vegetation cover 
(Cover). Leaf N content per dry mass (Leaf N) and the retrieval of 15N (Nitrogen derived from label, NdAl%) are measured within species, hence the 
addition of the species identity (ID) as a predictor.  

Level Response Model 

Community CWM SLA T + L + N + LU + 1|Region 

Community Cover CWM SLA + T + L + N + LU + 1|Region 

Species leaf N Iden�ty + Cover + T + L + N + LU + 1|Region 

Species Log(Ndfl%) Iden�ty + leaf N + T + L + N + LU + 1|Region 
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Table 2: Partitioning of signiAicant (p<0.05) direct and indirect effects of treatments warming (T), light addition (L), N addition (N) and agricultural 
land-use history (LU) on leaf N content per dry mass (leaf N %) (a) and leaf nitrogen derived from label (NdAl%) (b). CoefAicients for direct and 
indirect effects are obtained by multiplying the coefAicients that were calculated by piecewise structural equation modelling (see Figure 1b) and are 
in unit of the response variable per treatment level. The net effect of a treatment is the sum of both the direct and indirect effect. When a treatment 
has both direct and indirect effects on a response variable, a ratio of Direct (Dir) over indirect (Ind) effect is calculated for comparing the effect size. 
InsigniAicant effects are greyed out, see supplementary Table 6 for all model coefAicients (including p>0.05). Notice that indirect effects on leaf N  % 
occur via Cover, and on log(NdAl%) via leaf N%. The summed indirect signiAicant effects of the treatments on log (NdAl%) via leaf N (-0.341) do not 
cancel out the positive direct effect of leaf N % (+0.43, see Figure 1b). 

a)	

 

 

 

b)	

 

 

 

 

 

Response Treatment Direct 
Indirect 

(via Cover) 
Net effect 

Ra�o 

Dir:Ind 

Leaf N (%) T -0.250 -0.074 -0.324 3.4 

 L -0.310 -0.103 -0.413 3.0 

 N 
   

 

 LU 
 

-0.056 -0.056  

 Sum -0.560 -0.232 -0.792 2.4 

Response Treatment Direct 
Indirect 

(via Leaf N) 
Net effect 

Ra�o 

Dir:Ind 

log(Ndfl%) T -0.230 -0.139 -0.369 1.7 

 L 

 

-0.177 -0.177  

 N 

   

 

 LU 

 

-0.024 -0.024  

 Sum -0.23 -0.341 -0.571 0.7 
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Figures	

 

Figure 1: Structural	equation	model	showing	direct	and	indirect	effects	of	environmental	

treatments	on	leaf	N	(%)	and	Nd*l%.	Panel	A. Graphical representation of the hypothesised 
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structural equation. All four treatment variables are included to predict each of the four 
response variables: community weighted mean of SLA (CWM SLA, cm²/mg), Total vegetation 
cover (Cover, %), leaf N content per dry mass (Leaf N %) and leaf N derived from label (NdAl%). 
Panel	B. The result of the analysis using piecewiseSEM, with the retained paths being in 
accordance with the data (Fischer C = 3.16, p =0.97). Only the signiAicant (p<0.05) paths are 
shown here, for all coefAicients see supplementary table 6. The asterisks relate to the 
signiAicance levels of the coefAicients (*<0.05,**<0.01,***<0.0001). Marginal R² (Aixed factors 
alone) are given here; the conditional R² (with random effects included) did not differ from 
these, meaning that no extra variation was explained by the random effect terms. The model 
estimates with standard errors are given in the units of the response variable per unit of change 
in the predictor variable for continuous variables. For categorical variables, these are relative to 
control conditions (for T, L) and relative to ancient forest (for LU). The estimates of the species- 
effects on leaf N and NdAl% are given in Supplementary Table 6.  Treatment “N” and community 
variable “CWM SLA” are greyed out for not having signiAicant effects on a response variable.  
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Figure 2:	Environmental	treatments	increased	community	vegetation	cover,	which	caused	

a	dilution	in	leaf	N	content	per	dry	mass	(%)	across	species.	Panel	A:	SigniAicant positive	
main effects of past agricultural history (+9.26±2.30, p<0.0001), illumination (+17.1±2.32, 
p<0.0001) and warming (+12.4±2.31, p<0.0001) on total vegetation cover (%). The averages (95 
% CI) within the replicates are shown here. Panel	B: The bold dashed line (95% CI) represents 
the signiAicant decrease (-0.006±0.003, p =0.03) of leaf N content per dry mass in response to 
total vegetation cover across species. The coloured lines gives the trend for each species. Species 
in the legend are ordered on colonisation capacity index (CCI), with the fastest colonisers on top.  
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Figure 3:	The	labelled	15N	(Nd*l%)	was	retrieved	most	by	resource	acquisitive	species	with	

a	fast	colonisation	into	post-agricultural	forest,	a	high	leaf	N	content	per	dry	mass	(%)	

and	high	speci*ic	leaf	area	(SLA).	Panel	A.	CCI correlated negatively (Pearson’s r=-0.38, 

p<0.0001) with NdAl% and is thus larger within fast colonisers. The number of leaf samples of 

each species are given alongside the species code. Panel	B. Plants with a high leaf N content per 

dry mass had a higher NdAl% (Pearson’s r=0.48, p<0.0001). Panel	C:	SLA correlated positively 

with NdAl% (Pearson’s r = 0.64, p<0.0001). All conAidence intervals are on the 95% conAidence 

level.  
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