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Abstract 36 

It is well established that nutrient addition influences ecosystem features such as productivity, carbon 37 

storage, soil acidification and biodiversity. Less studied are long-term effects of sustained fertiliser 38 

application on forest soil characteristics and nutrient supplies, and especially direct and indirect 39 

mechanisms underlying changes. We investigated effects of three decades vs. one decade of optimised 40 

fertiliser application on soil properties and nutrient supplies in a 30-year-old nutrient optimisation 41 

experiment in a Norway spruce plantation in northern Sweden. We tested for direct and indirect effects 42 

of fertiliser use through structural equation models and correlations among tree and soil variables. Results 43 

showed that soil characteristics, especially organic carbon and nutrient concentrations, were significantly 44 

affected by 10- and 30-year fertiliser application. Soil C:N was similar for the short-term vs controls, but 45 

decreased for the long-term vs short-term treatment. Although not explicitly measured, it was clear from 46 

our analyses and earlier studies at the site that litter accumulation played a key role in explaining these 47 

changes in soil properties, while foliar stoichiometry data suggest long-term effects of litter quality. 48 

Nutrient supply rates increased more after 30 than 10 years of fertiliser application. Summarized, we 49 

showed that the interplay of direct and indirect effects can yield nonlinear patterns over time, as 50 

exemplified by soil C:N. Furthermore, we conclude that lagged, indirect effects of fertilisation through 51 

altered litter quantity and quality dominate changes in soil characteristics in this forest. These soil 52 

characteristics have further relevance to nutrient availability, suggesting nutrient optimisation can 53 

influence soil fertility also indirectly. 54 

 55 
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Introduction 60 

In many terrestrial ecosystems, increased nutrient inputs occur, either because of deliberate fertiliser use, or as side 61 

effects of human activities. The most common form of unintended nutrient enrichment is atmospheric nitrogen (N) 62 

deposition, which is primarily related to loss of N from agriculture and fossil fuel combustion (Paulot et al. 2013). 63 

Intended nutrient additions are most common in agriculture sensu stricto, but also in forestry, fertilisers have been 64 

applied to optimise yields (e.g. Tamm et al. 1999; Nohrstedt 2001; Hedwall and Bergh 2013). Irrespective of the 65 

purpose or type of nutrient additions, modified nutrient inputs initiate a cascade of changes in biogeochemical 66 

cycles, and therefore in general ecosystem structure and functioning (Tamm et al. 1999; Gao et al. 2015; Binkley 67 

and Högberg 2016; Homeier et al. 2017). 68 

Nutrient additions typically have strong effects on various ecosystem characteristics and processes. Common 69 

responses are, for example, reduced soil respiration (Olsson et al. 2005; Janssens et al. 2010), along with an increase 70 

in tree, soil and total carbon storage (Nohrstedt 2001; Magnani et al. 2007; Reay et al. 2008; Fernández-Martínez 71 

et al. 2014). Influences on biodiversity include shifts in species composition (Nohrstedt 2001; Novotný et al. 2016), 72 

and species richness usually declines due to competitive exclusion by species adapted to nutrient rich environments 73 

(Mulder et al. 2013). Moreover, in the case of N deposition, there is the acid deposition of N oxides (NOx) (Keene 74 

et al. 1983; van Breemen et al. 1984; Lamarque et al. 2013) and the potential oxidation of deposited ammonium 75 

(NHy) (Nohrstedt 2001), which both drive acidification of soils with related problems such as base cation leaching 76 

(Zeng et al. 2017), Aluminum toxicity (van Breemen et al. 1984) and disturbed microbial community structure and 77 

functioning (Chen et al. 2015). 78 

Besides its effects on elemental cycling and the environment, fertiliser addition also influences soil characteristics. 79 

When nutrients are applied, total soil concentrations (Schlesinger 2009; Mulder et al. 2013; Sardans et al. 2016) of 80 

the elements in the fertiliser mix respond directly and positively. From a soil perspective, increased (inorganic) 81 

nutrient availability can be detected as greater “bio-available” concentrations of elements such as N, phosphorus 82 

(P) and exchangeable base cations, as derived from soil extractions. Also nutrient supply rates to plant roots 83 

increase in response to fertiliser application (Qian and Schoenau 2002; Andersen et al. 2014). The direct influence 84 

of fertiliser use on soil characteristics and tree nutrition is thus rather well understood, although the important role 85 

of micronutrients and organic molecules in tree nutrition remains an active field of research (e.g. Näsholm et al. 86 

1998; Hedwall et al. 2018). Short-term fertiliser effects on soils have been extensively studied, and also several 87 

results from multi-year experiments in forests have been reported (e.g. Tamm et al. 1999; Goodale and Aber 2001; 88 

https://paperpile.com/c/Vj7ese/SFY5y
https://paperpile.com/c/Vj7ese/R9HJ4
https://paperpile.com/c/Vj7ese/Yd8w1
https://paperpile.com/c/Vj7ese/ADxbq
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Högberg et al. 2006; Smaill et al. 2008; Libiete et al. 2016; Addison et al. 2019). However, in particular our 89 

understanding of long-term changes in soil characteristics and the mechanisms underlying such changes is still 90 

limited. 91 

Beyond the direct influence of fertiliser application on soil characteristics, indirect feedback effects involving plant 92 

related processes also occur. For instance, increased productivity may promote litter production, eventually 93 

resulting in elevated soil organic matter (SOM) and carbon concentrations (SOC) (Smaill et al. 2008). Furthermore, 94 

not only the quantity, but also quality of litter may change with fertiliser application (Berg and Matzner 1997). 95 

Plant tissues exhibit stoichiometric flexibility, i.e. elemental concentrations and ratios vary within a given genotype, 96 

depending on environmental conditions, including nutrient availability (Ingestad 1987; Magill et al. 2004; Sardans 97 

et al. 2016; 2017). Fertiliser-induced shifts in tissue stoichiometry may translate into changes in litter stoichiometry 98 

(Ukonmaanaho et al. 2008), and eventually alter the elemental composition of fresh SOM. Hence, fertiliser 99 

application can not only alter soil characteristics directly, but also indirectly through stimulation of tree productivity 100 

and shifts in tissue stoichiometry. 101 

Direct effects of nutrient addition on key soil properties such as soil C:N ratio (Mulder et al. 2013; de Vries et al. 102 

2014) and pH (van Breemen et al. 1984; Chen et al. 2015) are relatively well understood, but indirect effects much 103 

less so, despite their potential relevance. Greater SOM following increased litter production, for instance, can in 104 

turn cause a shift in soil pH, and also increase the cation exchange capacity (CEC - e.g. Tamm et al. 1999), because 105 

the organic matter colloids serve as cation (and anion) exchange sites (IIASA and FAO 2012), with relevance to 106 

soil nutrient retention. As an example regarding altered litter quality, N addition can reduce the litter C:N ratio, 107 

which may, together with the added inorganic N, result in a drop in soil C:N ratio. Relevance of properties such as 108 

soil C:N ratio and pH lies in that they not only respond to shifts in nutrient availability, but also further govern the 109 

soil nutrient status itself (Van Sundert et al. 2018; 2019; Vicca et al. 2018). The soil C:N ratio for example modifies 110 

the decomposition rate (Wilkinson et al. 1999; Roy et al. 2006), while soil pH governs chemical (de)sorption of P 111 

(Chapin et al. 2002; Bol et al. 2016) and loss of base cations through leaching (Högberg et al. 2006). Indirect 112 

mechanisms through which fertiliser application influences soil characteristics can thus further influence nutrient 113 

availability by initiating a cascade of shifts in key soil properties. 114 

While direct fertiliser effects on soil characteristics and nutrient availability are widely recognised, tree-mediated 115 

indirect influence on key soil characteristics governing nutrient availability is often ignored. In the current study, 116 

we therefore investigate whether direct or indirect pathways dominate short- and long-term changes in soil 117 

https://paperpile.com/c/Vj7ese/lAMLI
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properties and nutrients, and nutrient supplies in a long-term nutrient optimisation experiment in a Norway spruce 118 

(Picea abies (L.) H. Karst.) plantation in Flakaliden, northern Sweden. We hypothesise that with sustained addition 119 

of mineral elements such as N, P, K, Ca and Mg, soil characteristics and nutrient availability are not only affected 120 

directly, but also indirectly through mechanisms altering soil properties such as altered productivity and needle 121 

stoichiometry, eventually modifying the quantity and quality of litter input.  122 

Materials and methods 123 

Study site and experimental design 124 

In summer 2016 we collected soil samples at the Flakaliden nutrient optimisation experiment in northern Sweden 125 

(64°07’N, 19°27’E, mean annual temperature = 2.5 °C and mean annual precipitation ~ 600 mm for the period 126 

1990-2009, background N deposition = 3 kg ha-1 yr-1, Sigurdsson et al. 2013). The experiment was initiated in a 127 

28-year old Norway spruce (Picea abies (L.) H. Karst.) plantation in 1986 (Bergh et al. 1999). The forest grows on 128 

a mineral silty-sandy till soil, classified as haplic podzol sensu FAO (Olsson et al. 2005), with an organic litter-129 

fermenting-humified (LFH) layer of 2-6 cm on top (Lim et al. 2019). The understorey and forest floor vegetation 130 

mainly consists of Vaccinium myrtillus L., Deschampsia flexuosa (L.) Trin., Dryopteris carthusiana (Vill.) 131 

H.P.Fuchs and mosses, with strongly reduced understorey cover (and thus more bare soil) in nutrient treated plots 132 

(Hedwall et al. 2013). 133 

The Flakaliden experiment was designed to investigate (i) potential productivity under optimal nutrition (Linder 134 

1995), and later also (ii) forest responses to global change, and the role of nutrients therein (e.g. Ryan 2013). For 135 

the current study, we considered the plots that received “optimal nutrition” during the period 1987-2016 (treatment 136 

“30y-IL”, n = 4), 2007-2016 (treatment “10y-IL”, n = 4), and untreated controls (treatment “Control”, n = 4 - Bergh 137 

et al. 1999). Prior to 2007, 10y-IL plots were irrigated (former treatment “I”). Since no significant influence of 138 

irrigation was observed on leaching or forest growth (Bergh et al. 1999; 2005; Jarvis and Linder 2007), the 10y-IL 139 

plots can be considered as former controls. Optimal nutrition consisted of a nutrient mix (with N in ammonium 140 

nitrate (NH4NO3), plus phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulphur (S), manganese 141 

(Mn), iron (Fe), zinc (Zn), boron (B), copper (Cu) and molybdenum (Mo) – Table S1) that was supplied with 142 

irrigation water directly on the ground every two days in every growing season (including the year of sampling), 143 

except in 2002 and 2003 (for 30y-IL). The amount of each element supplied was re-evaluated annually, based on 144 

convergence of needle nutrient concentrations and stoichiometry to set target values, avoidance of leaching (thus 145 

https://paperpile.com/c/Vj7ese/SYsj
https://paperpile.com/c/Vj7ese/SYsj
https://paperpile.com/c/Vj7ese/GXRS
https://paperpile.com/c/Vj7ese/SYsj
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maximising nutrient use efficiency) and expected productivity responses (Bergh et al. 1999). More details about 146 

the experiment are provided in Linder (1995). 147 

Field sampling 148 

Since litterfall was not monitored at the site during the period considered in this study, and no accurate model for 149 

estimating litterfall at treatment 10y-IL exists (since litterfall has never been measured for this treatment), proxies 150 

for aboveground biomass and productivity were compared among the nutrient addition treatments as an acceptable 151 

alternative (e.g. Berg and Meentemeyer 2001; Starr et al. 2005). To this end, we used data on tree height, basal area 152 

and volume from the start of the experiment in 1986 (Bergh et al. 1999), the year before the 10y-IL treatment was 153 

initiated (i.e. 2006) and the sampling year 2016. We also searched in literature for earlier studies reporting on 154 

litterfall at the site, to reinforce our use of proxies. 155 

Needles were collected in October 2016 (i.e. the time of year when starch levels are low, reducing its potential 156 

influence on needle stoichiometry - Linder 1995) for foliar nutrient analyses. In each plot, one branch from each of 157 

five trees was sampled in the upper third of the crown. From each branch, three second order, one-year-old shoots 158 

were sampled and pooled. The shoots were then immersed in liquid nitrogen and stored at -20 °C until further 159 

analyses (Linder 1995). 160 

In each of the plots, we collected two soil samples at 0–10 cm and 10–20 cm depth from the top of the LFH layer 161 

for analyses of key soil characteristics and nutrients. While one sample was used to determine soil bulk density 162 

based on soil mass and dimensions of the excavation (Blake and Hartge 1986 - because of gravel, using a standard 163 

corer was not feasible at the site), the other was sieved (mesh size = 2 mm) to exclude mosses, roots and rocks, and 164 

eventually air-dried at 30 °C. Even though separately sampling organic and mineral soil layers is a more common 165 

practice, we opted for this sampling protocol because fixed depth intervals give a better picture of the soil from a 166 

nutrient availability perspective (e.g. a thicker organic layer can be observed from results as greater CEC). 167 

Moreover, this way of sampling allows direct comparisons with ion exchange membrane supply rates.  168 

Supply rates of inorganic ions were assessed with four plant root simulator (PRS®) probe pairs (cathode + anode - 169 

Western Ag Innovations, Saskatoon, Canada) per plot, installed for exactly seven days (26-07 until 02-08-2016). 170 

The probes collected NH4
+, NO3

-, PO4
3-, K+, Ca2+ and Mg2+ at a soil depth of roughly 3-9 cm. After retrieving the 171 

probes from the field and cleaning with distilled water, they were returned to the manufacturer for colorimetric 172 

analyses on the eluent using automated flow injection analysis (NH4
+, NO3

-) and inductively-coupled plasma 173 

https://paperpile.com/c/Vj7ese/SYsj
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spectrometry (PO4
3-, K+, Ca2+, Mg2+). Details on ion exchange membranes can be found in Qian and Schoenau 174 

(2002). In brief, the method consists of installing charged resin membranes in the soil for a fixed period of time, 175 

during which ions of opposite charge adsorb to the membranes. Ion exchange membranes have been shown to 176 

successfully capture treatment effects on nutrient supply rates under field conditions (e.g. Van Sundert et al. 2020). 177 

Laboratory analyses 178 

After drying for 48 hours at 85 °C, the needle samples were ground in a ball mill (MM200, Retsch GmbH, Haan, 179 

Germany) and analysed for C and N using an elemental analyser (Flash EA 2000, Thermo Fisher Scientific, 180 

Bremen, Germany). Other chemical elements were analysed with an inductively coupled plasma-optical emission 181 

spectrometry (ICP-OES) analyser (Spectro Ciros Vision, SPECTRO analytical Instruments GmbH, Germany). 182 

We measured pH in water (pHw) and KCl solution (pHKCl) on the fresh soil samples before sieving. To this end, 10 183 

± 0.5 g of fresh soil was weighed into a plastic tube and subsequently, 25 ml H2O or 1 M KCl was added. Then, 184 

the solutions were shaken and rested for an hour before measuring the pH with a direct soil pH meter (no. 99121 185 

Hanna Instruments, Temse, Belgium).  186 

After sieving and air-drying, the soil samples were analysed for various soil properties and nutrients. Firstly, total 187 

C and N concentrations were determined on ground samples, using an Elemental Analyser (Flash 2000 CN Soil 188 

Analyser, Interscience, Louvain-la-Neuve, Belgium). Brown’s procedures (1943) were used for CEC and total 189 

exchangeable bases (TEB), for which 1 M NH4Ac at pH = 7 served as the extractant. Extractable phosphorus was 190 

measured following the method of Bray (Dickman and Bray 1940; Bray and Kurtz 1945), which requires a 0.03 M 191 

NH4F + 0.025 M HCl solution. PBray generally correlates well with other common indices of bio-available P, and is 192 

particularly recommended for acidic soil types (Renesson et al. 2016). Extracts were evaluated with an iCAP6300 193 

Duo ICP-OES (for CEC and TEB - Thermo Fisher Scientific, Waltham, USA) or a San++ Automated Wet 194 

Chemistry Analyser (for available P - Skalar Analytical, Breda, Netherlands). Lastly, we determined the soil texture 195 

(percentages of sand, silt and clay) with the hydrometer method (Gee and Bauder 1986) after removing organic 196 

matter by regularly adding dilute H2O2 until the chemical reactions stopped. 197 

Statistical analysis 198 

We first explored the correlation structure of the data through principal component analyses and correlation 199 

matrices (based on Pearson’s r). This allowed us to visualise the influence of treatments on needle stoichiometry, 200 

https://paperpile.com/c/Vj7ese/rpWU
https://paperpile.com/c/Vj7ese/rpWU
https://paperpile.com/c/Vj7ese/vEfo
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soil characteristics (of the upper 10 cm, where most change occurred) and nutrient supplies (using the ggfortify R 201 

package - Horikoshi and Tang 2016; Tang et al. 2016). Treatment effects on forest stand characteristics (biomass 202 

and productivity proxies: tree height, basal area and volume (increment)), needle chemistry, soil characteristics and 203 

nutrient supply rates (pooled per plot) were then analysed using one-way ANOVAs, or non-parametric Kruskal-204 

Wallis tests in cases where assumptions of normality or homoscedasticity were not met. If main effects of nutrient 205 

addition were significant, Tukey’s parametric post hoc test or the non-parametric Bonferroni corrected pairwise 206 

Wilcoxon rank-sum test was employed to assess two-by-two differences.  207 

To test whether soil characteristics (C:N ratio, total N, available P, CEC, TEB, bulk density) were predominantly 208 

altered through direct or through indirect pathways (through changes in productivity and/or needle stoichiometry), 209 

we applied structural equation modeling (SEM) and correlations on path diagrams. Version 0.5-23.1097 of the 210 

lavaan package in R (Rosseel 2012) was used to assess SEM model performance and estimate standardised SEM 211 

parameters. 212 

Data were log-transformed if distributions were right-skewed. For the ANOVA analyses, we checked linear model 213 

assumptions (linearity, residuals normality, absence of influential outliers and homoscedasticity) with standard 214 

functions of R. Whenever confidence intervals are given, they represent standard errors of the mean. For all 215 

analyses, α = 0.05 was taken as significance level, whereas P-values between 0.05 and 0.10 were considered as 216 

marginally significant. All statistical analyses were performed in R version 3.4.2 (R Core Team 2017). 217 

Results 218 

Changes in forest stand characteristics and needle chemistry 219 

When the Flakaliden experiment was established in 1986, tree height, basal area and volume did not differ among 220 

the treatments (Table 1). The first two decades of fertiliser application increased productivity at 30y-IL compared 221 

to Control and I (later 10y-IL). During the last decade, when also 10y-IL received optimised nutrient application, 222 

productivity at both 10y-IL and 30y-IL was greater than at Control. While in the last decade height growth and 223 

basal area increment did not significantly differ between 10y-IL and 30y-IL, tree volume increment was still 224 

significantly greater at 30y-IL. As a consequence, in 2016, tree height, basal area and volume still differed between 225 

the 10y-IL and 30y-IL treatment. Altogether, nutrient additions clearly stimulated tree growth, and stand 226 
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characteristics such as tree height, basal area and volume differed strongly also between the treatment plots for 227 

which fertiliser application was initiated three decades vs one decade ago (P < 0.05). 228 

A principal component analysis (Fig. 1) and correlation matrix (Table S2) on the needle chemistry data from 2016 229 

suggested a positive association between duration of fertiliser use and foliar N concentrations, and a negative 230 

influence on needle carbon to nitrogen (C:N) ratio. ANOVA analyses confirmed that needle N concentrations were 231 

significantly greater for 30y-IL and 10y-IL than for Control, and that needle C:N ratio decreased with fertiliser 232 

application (Table 2). An overall significant treatment effect was found on needle Ca concentrations, with Control 233 

values marginally significantly greater than values for 10y-IL plots (P = 0.09 (*)), and 10y-IL marginally 234 

significantly greater than 30y-IL (P = 0.09 (*)). Fertiliser application also exhibited an overall marginally 235 

significant influence on needle P concentrations, although no significant group-by-group differences were detected 236 

(P > 0.10). Concentrations of K and Mg did not significantly differ among treatments. In summary, of the most 237 

relevant nutrients, N was the only element for which needle concentrations substantially increased following 238 

fertiliser applications (Table 2), but in relation to N all other nutrient elements were within the set target values (cf. 239 

Linder 1995; Table 2).  240 

 241 

Fig. 1 Principal component analysis on the needle nutrient concentration (%) and stoichiometry data of 2016 at the Flakaliden 242 

experiment (sd for PC1 = 1.68, sd for PC2 = 1.36). Treatments were: Control, 10y-IL = “optimal” nutrient mix since 2007, 243 

and 30y-IL = “optimal” nutrient mix since 1987. Variables were log-transformed in case of positive skewness. The 244 

corresponding correlation matrix is given in Table S2. 245 

Changes in soil characteristics through direct and indirect mechanisms 246 

In the untreated plots, SOC, soil C:N ratio, CEC, TEB and “bio-available” phosphorus (PBray) all decreased with 247 

depth, while soil pH increased (P < 0.05, Table 3). Changes in soil characteristics with fertiliser application were 248 

mainly observed for the 0-10 cm layer: total nitrogen (TN), CEC, TEB and bio-available P (tended to) increase 249 
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following nutrient addition (Fig. 2, Table 3). During sampling, we observed markedly thicker organic layers at the 250 

nutrient treated plots in comparison to the Control plots, which was reflected in a near-significant increasing trend 251 

for SOC with nutrient addition. The response of soil C:N ratio to fertiliser application depended on the time since 252 

the start of the treatment: for the recently initiated 10y-IL treatment, C:N did not significantly differ from controls, 253 

although three out of four 10y-IL plots exhibited greater C:N than any of the control plots. In contrast, C:N values 254 

for the 30y-IL treatment were significantly reduced compared to 10y-IL. In general, soil properties in the 10–20 255 

cm layer did not differ between Control, 10y-IL and 30y-IL, except for CEC, which was significantly greater for 256 

the plots applied with fertiliser as compared to the controls.  257 

 258 

 259 

Fig. 2 Principal component analysis on the upper 10 cm soil property and nutrient data of 2016 at the Flakaliden experiment 260 

(sd for PC1 = 2.58, sd for PC2 = 1.49). Treatments were: Control, 10y-IL = “optimal” nutrient mix since 2007, and 30y-IL = 261 

“optimal” nutrient mix since 1987. Variables were log-transformed in case of positive skewness. Abbreviations: SOC = soil 262 

organic carbon concentration (%); TN = total nitrogen concentration (%); C:N = soil carbon to nitrogen ratio; pH_w = soil pH 263 

measured in water; pH_KCl = soil pH measured in KCl solution; BD = bulk density (kg m-3); CEC = cation exchange capacity 264 

(mmol+ kg-1); TEB = total exchangeable bases (mmol+ kg-1); BS = base saturation (%); P_Bray = “bio-available” phosphorus 265 

(mg kg-1) following the extraction method of Bray (Dickman and Bray 1940; Bray and Kurtz 1945). The corresponding 266 

correlation matrix is given in Table S3. 267 

We investigated correlations among key variables and constructed structural equation models (SEMs) to elucidate 268 

whether nutrient treatments influenced 0-10 cm soil characteristics either directly or indirectly, through altered 269 

litterfall (not explicitly measured) and/or needle stoichiometry. Correlations and standardised SEM parameters 270 

suggested links between fertiliser application, productivity (+), SOC (+), CEC (+) and bulk density (-) (Fig. S1 and 271 

Tables S5,6). Indirect effects through stimulated productivity and SOM/SOC input probably dominated one-decade 272 

impacts of fertiliser use on soil C:N ratio (pathway a in Fig. 3, Table S5), whereas under longer-term nutrient 273 
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addition, also stoichiometry effects and direct reduction of soil C:N ratio through added N would gain importance 274 

(pathways b and c in Fig. 3, Table S5). Finally, for TN, bio-available P and TEB, SEMs could not inform on the 275 

dominance of either direct or indirect pathways (Table S4, Figs. S2-4), despite rather strong relationships between 276 

TN, PBray, TEB, SOC and CEC as indicated by the PCA and correlation analyses (│Pearson’s r│ ≥ 0.8;  Fig. 2 277 

and Tables S3 and S6). 278 

 279 

Fig. 3 Path diagram for direct vs indirect nutrient addition effects on soil carbon to nitrogen (C:N) ratio in 2016. Structural 280 

equation models (SEMs) were constructed to compare pathways of changes in plots fertilised since one decade (10y-IL, 281 

contrasted with Control) with changes in plots fertilised since three decades (30y-IL, contrasted with Control). Statistical 282 

evidence for the SEM parameters and correlations (represented by letters) are provided in Tables S4-6. Volume increment for 283 

the period 1986-2016 (Table 1) was used as a forest stand characteristic positively correlated with integrated litterfall (e.g. 284 

Berg and Meentemeyer 2001; Starr et al. 2005). Abbreviation: SOC = soil organic carbon concentration (%). Red (blue) arrows 285 

indicate a negative (positive) effect. Asterisks and ns indicate the level of significance of pathways (ns: P > 0.05; **: P < 0.01; 286 

***: P < 0.001). 287 

 288 

Changes in soil nutrient supplies 289 

Ion exchange resin derived supply rates of inorganic N (NH4
+ and NO3

-), P and K, and the supply of NO3
- relative 290 

to total inorganic N significantly increased with nutrient addition at the Flakaliden experiment (Fig. 4 and Table 291 

4). Moreover, N and P supply rates also tended to be greater in the 30y-IL than in the 10y-IL treatment despite 292 

greater application rates of N and P at 10y-IL since 2007. Although the nutrient mix contained (small) amounts of 293 

Ca and Mg (Table S1), only a marginally significant increase in Ca supply occurred between 10y-IL and 30y-IL 294 

(P = 0.08). 295 
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 296 

 297 

Fig. 4 Principal component analysis on plant root simulator (PRS) probe derived soil mineral nutrient supply rates (µg of 298 

element 10 cm-2 wk-1; n = 4 per plot) in 2016 at the Flakaliden experiment (sd for PC1 = 2.34, sd for PC2 = 1.07). Probes were 299 

installed 26-07-2016, and retrieved one week later. Treatments were: Control, 10y-IL = “optimal” nutrient mix since 2007, 300 

and 30y-IL = “optimal” nutrient mix since 1987. Variables were log-transformed in case of positive skewness. Abbreviations: 301 

iN = inorganic nitrogen (NH4
+ + NO3

-); iP = inorganic phosphorus; “:” = ratio. The corresponding correlation matrix is given 302 

in Table S7.  303 

Discussion 304 

Litter quantity and quality 305 

Combined evidence from our results and earlier studies at the experimental forest showed differences in the 306 

development of biomass related stand characteristics and needle stoichiometry among treatments. Prior to 307 

initialisation of fertiliser use at 10y-IL, biomass increased significantly more at 30y-IL than at 10y-IL and Control 308 

(Table 1). During the decade following 2006, also 10y-IL was fertilised, leading to similar height and basal area 309 

growth at both 10y-IL and 30y-IL by 2016, while volume increment was still greater at 30y-IL. As a result, the 310 

investigated biomass proxies (tree height, basal area and volume) were still greater at 30y-IL than at 10y-IL and 311 

Control in 2016. In line with our observations, Leppälammi-Kujansuu et al. (2014) showed in an earlier study at 312 

the site that the long-term fertiliser application (30y-IL) indeed stimulated both above- and belowground litter 313 

production. Long-term productivity and very likely also litterfall (not explicitly measured, but related to 314 

productivity – Berg and Meentemeyer 2001; Starr et al. 2005) thus correlated positively with the duration of 315 

fertiliser application, with possible consequences for soil properties.  316 
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Besides litter quantity, the changes in foliar stoichiometry suggest that also litter stoichiometry and hence quality 317 

was very likely affected by long-term optimised fertiliser application. Our analyses performed for the present study 318 

confirmed nutrient addition effects on fresh needle N stoichiometry, but concentrations of elements other than N 319 

did not significantly differ among the treatments (P, K, Mg) or even decreased over time with fertiliser application 320 

(Ca), despite their regular addition (Table 2; in all treatments, needle Ca was above the minimum target value 321 

relative to N, such that the Ca concentration was allowed to reduce through a dilution-effect). Somewhat in contrast, 322 

Maaroufi et al. (2018) reported increased needle litter concentrations in 2013 not only of N, but also of P in the 323 

30y-IL and 10y-IL plots compared to Control, while no differences between 30y-IL and 10y-IL were observed. 324 

This apparent discrepancy may be explained by changes in nutrient resorption under fertiliser application (e.g. 325 

Mayor et al. 2014). This implies that indirect effects through stimulated productivity and modified needle 326 

stoichiometry need to be taken into account when investigating mechanisms underlying fertiliser-induced shifts in 327 

soil characteristics. 328 

Changes in forest soil characteristics through direct and indirect mechanisms 329 

In the experimental boreal forest studied here, (i) the mere occurrence of changes in the upper 10 cm of soil (Table 330 

3), (ii) successful application of SEMs to path diagrams indicating indirect effects of fertiliser application (Figs. 3 331 

and S1), and (iii) strong correlations among variables such as SOC, CEC, bulk density and nutrient concentrations 332 

(Fig. 2 and Table S6) all provide evidence for a key role of indirect effects of nutrient addition on soil characteristics 333 

through stimulated productivity, and associated with that (but not explicitly measured), litterfall (Berg and 334 

Meentemeyer 2001; Starr et al. 2005). Our analyses suggest that both increased litter production (Leppälammi-335 

Kujansuu et al. 2014) and reduced soil respiration (Olsson et al. 2005; Hyvönen et al. 2007; Janssens et al. 2010) 336 

following nutrient addition resulted in organic matter accumulation (see also Fröberg et al. 2013). The accumulation 337 

of organic matter presumably initiated a further cascade of changes through modification of CEC and bulk density, 338 

and by representing a source of fresh material with a stoichiometry different from that of the soil (see also below 339 

in the discussion on soil C:N ratio). Besides this indirect pathway and influence through altered needle and litter 340 

stoichiometry, we also observed a direct influence of fertiliser application on soil nutrient concentrations of TN, 341 

TEB and bio-available P in this study, since N, P and exchangeable bases were all added in the nutrient mix (Fig. 342 

5). 343 
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 344 

 345 

Fig. 5 Generalised path diagram for direct vs indirect nutrient addition effects on soil properties and nutrients. Abbreviations: 346 

SOC = soil organic carbon concentration (%); CEC = cation exchange capacity (mmol+ kg-1); BD = bulk density (kg m-3). Red 347 

(blue) arrows indicate a negative (positive) effect. The black arrow indicates a direct influence of altered SOC on soil nutrient 348 

stoichiometry (e.g. elevated SOC following input of typically N-poor organic matter increases the soil C:N ratio).  349 

 350 

An interesting case of time-dependent dominance of different pathways influencing a soil characteristic is shown 351 

by the pattern of soil C:N ratio. Soil C:N was lower in 30y-IL compared to 10y-IL, 10y-IL did not significantly 352 

differ from the control plots and even tended to be greater (with in three out of four 10y-IL plots having greater 353 

C:N than any of the control plots; Table 3). As shown by the structural equation model in Fig. 3, and its parameters 354 

in Table S5, elevated soil C:N in 10y-IL was most likely indirectly driven by increased productivity and associated 355 

litterfall (Berg and Meentemeyer 2001; Starr et al. 2005), thus increasing the proportion of typically N-poor organic 356 

matter (Vesterdal et al. 2008) in the soil samples (cf. the black arrow in Fig. 5). The decrease in 30y-IL as compared 357 

to 10y-IL, however, presumably reflects a combination of indirect and direct pathways: while fresh organic matter 358 

input through litterfall was most likely still greater, a reduced needle C:N ratio (Table 2) as well as the regular 359 

addition of inorganic N gained importance. Both can reduce the C:N ratio of the organic FH layer (e.g. Andersson 360 

et al. 2002) and hence of the top 0-10 cm soil. The example of soil C:N ratio thus shows that for a given forest, the 361 

dominant driver behind fertiliser-induced soil property changes may depend on the duration of nutrient addition. 362 

Altogether, changes in soil characteristics over one to three decades of nutrient optimisation treatment were mostly 363 

limited to variables related to the organic matter content, and to soil C:N ratio, which were to a great extent driven 364 

by indirect modifications through stimulated productivity and hence litterfall. Other soil properties exhibited a high 365 

stability in response to long-term fertiliser addition, as exemplified by the near-complete absence of changes in the 366 

10-20 cm layer. This result is in line with earlier fertilisation studies in conifer forests where altered litter input was 367 

https://paperpile.com/c/Vj7ese/C8b7
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suggested to affect mainly the organic soil layer and upper mineral soil (Huang et al. 2011; Jones et al. 2011). 368 

Pronounced modifications of pH and other variables in deeper soil can occur, but are then typically associated with 369 

direct effects or acidification (Tamm et al. 1999). We propose that, as long as there is no nutrient oversaturation, 370 

soil characteristics in northern coniferous forests exhibit a remarkably high stability under nutrient optimisation 371 

programmes and likely also moderate levels of N deposition, and that, if changes occur, effects are mainly indirect 372 

and slow through stimulated tree productivity. Finally, we note that fertiliser addition can also modify soil 373 

characteristics and nutrient availability by influencing microbial (Demoling et al. 2008; Smaill et al. 2010; Long et 374 

al. 2012; Maaroufi et al. 2018) and soil faunal (Lindberg, 2003; Remén et al. 2008; Maaroufi et al. 2018) community 375 

structure and function, for example through negative effects on decomposition (Olsson et al. 2005), but soil 376 

microbes and fauna were not assessed in our study. 377 

Sustained changes in soil nutrient supplies 378 

In contrast to soil properties, the PRS nutrient supply rates responded strongly and positively to the fertiliser 379 

treatments (Table 4 and Fig. 4); supply rates of most added elements increased, and these increases sustained in the 380 

long-term as long as the treatment continued (i.e. supply rates at 30y-IL were greater than at 10y-IL). This result 381 

implies that it is not just the current load of nutrients that determines their availability to plants; while nutrient 382 

applications were similar for 30y-IL and 10y-IL over the last few years, the accumulated load was evidently larger 383 

at 30y-IL, where the treatment started two decades earlier (Table S1). In line with what has been reported in other 384 

studies on fertiliser application in boreal forests (e.g. Högberg et al. 2006), we therefore note the importance of 385 

taking into account both the rate of nutrient application and the accumulated dose when studying effects on 386 

ecosystem structure and function. Even better is to estimate the availability of relevant nutrients and compare 387 

among treatments (see also Vicca et al. 2018), as performed in this study among others with PRS probes. However, 388 

we note that the PRS nutrient supply rates provide only a rough estimate for (changes in) the supply of mineral 389 

elements to plant roots, and should therefore be seen as a proxy for nutrient availability only. It is for example well 390 

established that boreal forest species take up organic molecules (Näsholm et al. 1998), and trees exhibit nutrient 391 

uptake mechanisms other than diffusion, such as mass flow (McMurtrie and Näsholm 2018). Summarized, our 392 

observation of sustained and increased supply rates under long-term nutrient optimisation remains valid, but caution 393 

is needed when interpreting PRS probe results as actual quantifications of nutrient availability. 394 

 395 
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Direct vs indirect effects of nutrient addition: implications 396 

In the present study, we identified a plant-soil feedback (e.g. Ehrenfeld et al. 2005) by investigating how long-term 397 

fertiliser application indirectly modified soil characteristics by influencing tree function and structure (i.e. 398 

productivity and needle stoichiometry, used as proxies for litter production and stoichiometry). Although 399 

investigating implications of this feedback was out of the scope of this paper, we suggest a few aspects for which 400 

our observations may be relevant. While effects of fertiliser use on (soil) C cycling and storage is a well investigated 401 

topic (e.g. Nadelhoffer et al. 1999; Pregitzer et al. 2008; Maaroufi et al. 2016; Bracho et al. 2018), and also effects 402 

on nutrient cycling are frequently studied (e.g. Marklein and Houlton 2012), much less is known about the 403 

significance of fertiliser-induced thicker organic layers on nutrient retention and general nutrient availability. An 404 

emerging question is, for instance, to what extent the increase in SOM can improve nutrient availability, and how 405 

much this indirect effect contributes to the overall effect of fertiliser application. Changes in the soil profile may 406 

also be relevant for microbial communities and soil fauna with abundances depending on soil layers (Remén et al. 407 

2008). The case of promoted tree growth, and consequent organic matter accumulation thus indicates that fertiliser-408 

induced indirect modifications of soil characteristics may have further consequences for the structure and 409 

functioning of the forest ecosystem. 410 

Our observations also hint as to what may happen to nutrient availability and soil conditions if the nutrient 411 

treatments would stop, or more generally, if N deposition on boreal forests would decrease (e.g. Lamarque et al. 412 

2013). Considering the direct and sustained positive response of soil nutrient supply rates to fertiliser application, 413 

we propose that when nutrient addition ceases, supplies would also decrease within a few years. In the absence of 414 

harvests, the nutrient stocks of the ecosystem will remain increased for a long time (given that nutrient leaching 415 

was comparable and limited in both control and treated plots; Table S8), but these stocks are not efficiently recycled 416 

in these boreal forests, where a large part ultimately ends up in slowly decomposing soil organic matter. The cold 417 

climate would again become the dominant control on nutrient (especially N) availability, and we expect that N 418 

limitation would quickly return (see also Nohrstedt 2001 and Högberg et al. 2017). We thus suggest a return to N 419 

limitation within years after cessation of fertiliser use. However, given the primarily slow changes in soil 420 

characteristics, indirectly governed by stimulated growth and litterfall, we suggest that some soil properties (organic 421 

layer thickness, SOC, CEC and soil C:N ratio in particular) may be in a new stable state, or it would at least take 422 

decades for these to evolve back to the original situation, with potential consequences for soil processes. Earlier 423 

studies have indeed shown that even without fertiliser application, soil C stocks in Sweden are generally increasing, 424 
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given the current disequilibrium between litter inputs and C mineralisation (Ågren et al. 2007), such that it is 425 

unlikely that the fertiliser-induced thicker organic layers would decrease within decades. 426 

Conclusions 427 

Long-term nutrient additions in the boreal spruce forest in Flakaliden resulted in direct, sustained changes in soil 428 

nutrient supplies, and slow, occasionally non-linear changes in soil characteristics that have further relevance to 429 

nutrient availability. Our dataset suggested that these slow changes were dominated by indirect lagged effects 430 

through altered productivity and needle stoichiometry. In addition to providing insights into the long-term changes 431 

in soil following fertiliser application, our results can also be taken to suggest that long term effects of moderate N 432 

deposition on boreal forest soil characteristics (if any) mainly occur indirectly through increased litter production. 433 

If this is confirmed by future studies, it would imply that N deposition effects on soil characteristics will persist for 434 

years in case N deposition diminishes.  435 

Declarations 436 

Funding 437 

The experimental forests are part of the Swedish Infrastructure for Ecosystem Science (SITES), sponsored by the 438 

Swedish Science Foundation (VR). The study was supported by the Fund for Scientific Research - Flanders (FWO 439 

aspirant grant to KVS; FWO research grant to SV) and by the European Research Council grant ERC-SyG-610028 440 

IMBALANCE-P. We also acknowledge support from the ClimMani COST Action (ES1308).  441 

Competing interests 442 

The authors declare that they have no conflict of interest. 443 

Code and data availability 444 

Datasets and an R script with statistical analyses are available at  445 

https://github.com/KevinVanSundert/Flakaliden_EUFR_2020_KVS. 446 

https://github.com/KevinVanSundert/Flakaliden_EUFR_2020_KVS


18 
 

Authors’ contributions 447 

S.V. and K.V.S. planned the study and performed the field and lab work. K.V.S. analysed the data and wrote the 448 

manuscript. All authors contributed to the discussions and the writing of the manuscript. 449 

 450 

Electronic supplementary material is available online at doi: XXX. 451 

Table S1 Amount of nutrients supplied to the three-decade (30y-IL) and one-decade (10y-IL) nutrient optimisation treatments 452 

in Flakaliden, during the years 1987 - 2006, 2007 - 2015 and 2016, the year of the present study. 453 

Table S2 Correlation matrix of the needle nutrient concentration and stoichiometry data of 2016 at the Flakaliden experiment. 454 

Table S3 Correlation matrix of the upper 10 cm soil property and nutrient data of 2016 at the Flakaliden experiment. 455 

Table S4 Fit measures for structural equation models applied on path diagrams presented in the figures. 456 

Table S5 Significance and estimates of standardised parameters in structural equation models. 457 

Table S6 Spearman correlations (for numerical vs numerical data) and ANOVA-based significance (for numerical vs group 458 

data) applied on path diagrams. 459 

Table S7 Correlation matrix of plant root simulator (PRS) probe derived soil mineral nutrient supply rates in 2016 at the 460 

Flakaliden experiment. 461 

Fig. S1 Proposed path diagram for indirect nutrient addition effects on cation exchange capacity and bulk density in 2016. 462 

Fig. S2 Proposed path diagram for direct and/or indirect nutrient addition effects on soil total nitrogen in 2016. 463 

Fig. S3 Proposed path diagram for direct and/or indirect nutrient addition effects on soil extractable phosphorus in 2016. 464 

Fig. S4 Proposed path diagram for direct and/or indirect nutrient addition effects on soil total exchangeable bases in 2016. 465 

 466 

 467 

 468 



19 
 

References 469 

Addison, SL, Smaill SJ, Garrett LG, Wakelin SA 2019 Effects of forest harvest and fertiliser amendment on soil biodiversity 470 

and function can persist for decades Soil Biology and Biochemistry 135: 194–205 471 

 472 

Ågren GI, Hyvonen R, Nilsson T 2007 Are Swedish forest soils sinks or sources for CO2 – model analyses based on forest 473 

inventory data Biogeochemistry 82: 217-227 474 

 475 

Andersen DC, Adair EC, Nelson SM, Binkley D 2014 Can nitrogen fertilization aid restoration of mature tree productivity 476 

in degraded dryland riverine ecosystems? Restoration Ecology 22: 582-589 477 

 478 

Andersson P, Berggren D, Nilsson I 2002 Indices for nitrogen status and nitrate leaching from Norway spruce (Picea abies 479 

(L) Karst) stands in Sweden Forest Ecology and Management 157: 39-53 480 

 481 

Berg B, Matzner E 1997 Effect of N deposition on decomposition of plant litter and soil organic matter in forest systems 482 

Environmental Reviews 5: 1–25. 483 

 484 

Berg B, Meentemeyer V 2001 Litter fall in some European coniferous forests as dependent on climate: a synthesis Canadian 485 

Journal of Forest Research 31: 292-301 486 

 487 
Bergh J, Linder S, Bergström J 2005 Potential production of Norway spruce in Sweden Forest Ecology and Management 488 

204: 1-10 489 

 490 

Bergh J, Linder S, Lundmark T, Elfving B 1999 The effect of water and nutrient availability on the productivity of Norway 491 

spruce in northern and southern Sweden Forest Ecology and Management 119: 51-62 492 

 493 

Binkley D, Högberg P 2016 Tamm review: revisiting the influence of nitrogen deposition on Swedish forests. Forest Ecology 494 

and Management 368: 222–239 495 

 496 

Blake GR, Hartge KH 1986 Bulk density In: Klute A, ed Methods of Soil Analysis Part 1: Physical and Mineralogical 497 

Methods, 2nd edition Madison, Wisconsin, USA: American Society of Agronomy and Soil Science Society of America, 363-498 

375 499 

 500 

Bray RH, Kurtz LT 1945 Determination of total, organic, and available forms of phosphorus in soils Soil Science 59: 39-46 501 

 502 

Bol R, Julich D, Brödlin D, Siemens J, Kaiser K, Dippold MA, Spielvogel S, Zilla T, Mewes D, von 503 

Blanckenburg F et al 2016 Dissolved and colloidal phosphorus fluxes in forest ecosystems - an almost blind spot 504 

in ecosystem research Journal of Plant Nutrition and Soil Science 179: 425-438 505 

 506 

Bracho R, Vogel JG, Will RE, Noormets A, Samuelson LJ, Jokela EJ, Gonzalez-Benecke CA, Gezan SA, Markewitz D, 507 
Seiler JR et al 2018 Carbon accumulation in loblolly pine plantations is increased by fertilization across a soil moisture 508 

availability gradient Forest Ecology and Management 424: 39-52 509 

 510 

Brown IC 1943 A rapid method of determining exchangeable hydrogen and total exchangeable bases of soils Soil Science  511 

56: 353-358 512 

 513 

Chapin FS, Matson PA, Mooney, HA 2002 Principles of Terrestrial Ecosytem Ecology New York, USA: Springer-Verlag 514 

 515 

Chen D, Lan Z, Hu S, Bai Y 2015 Effects of nitrogen enrichment on belowground communities in grassland: relative role of 516 

soil nitrogen availability vs soil acidification Soil Biology and Biochemistry 89: 99-108 517 

 518 

Demoling F, Nilsson LO, Bååth E 2008 Bacterial and fungal response to nitrogen fertilization in three coniferous forest soils 519 

Soil Biology and Biochemistry 40: 370–379  520 

 521 



20 
 

de Vries W, Du E, Butterbach-Bahl K 2014 Short- and long-term impacts of nitrogen deposition on carbon sequestration by 522 

forest ecosystems Current Opinion in Environmental Sustainability 9-10: 90-104 523 

 524 
Dickman S, Bray RH 1940 Colorimetric determination of phosphate Industrial and Engineering Chemistry Analytical edition 525 

12: 665-668 526 

 527 

Ehrenfeld JG, Ravit B, Elgersma K 2005 Feedback in the plant-soil system Annual Review of Environment and Resources 528 

30: 75-115 529 

 530 

Fernández-Martínez M, Vicca S, Janssens IA, Sardans J, Luyssaert S, Campioli M, Chapin FS, Ciais P, Malhi Y, 531 
Obersteiner M et al 2014 Nutrient availability as the key regulator of global forest carbon balance Nature Climate Change 4: 532 

471-476 533 

 534 

Fröberg M, Grip H, Tipping E, Svensson M, Strömgren M, Berggren Kleja D 2013 Long-term effects of experimental 535 

fertilization and soil warming on dissolved organic matter leaching from a spruce forest in northern Sweden Geoderma 200-536 

201: 172-179 537 

 538 

Gao W, Yang H, Kou L, Li S 2015 Effects of nitrogen deposition and fertilization on N transformations in forest soils: a 539 

review. Journal of Soils and Sediments 15: 863–879 540 

 541 
Gee GW, Bauder, JW 1986 Particle-size analysis In: Klute A, ed Methods of Soil Analysis Part 1: Physical and Mineralogical 542 

Methods, 2nd edition Madison, Wisconsin, USA: American Society of Agronomy and Soil Science Society of America, 383-543 

411  544 

 545 

Goodale CL, Aber JD 2001 The long-term effects of land-use history on nitrogen cycling in northern hardwood forests  546 

Ecological Applications 11: 253-267  547 

 548 

Hedwall P-O, Bergh J 2013 Chapter 6 Fertilization in boreal and temperate forests and the potential for biomass production 549 

In: Kellomäki S,, Kilpeläinen A, Alam A eds, Forest BioEnergy Production Management, Carbon Sequestration and 550 

Adaptation, pp 95-110 Springer NewYork Heidelberg Dordrecht London 551 

 552 

Hedwall P-O, Gruffman L, Ishida T, From F, Lundmark T, Näsholm T, Nordin A 2018 Interplay between N-form and 553 

N-dose influences ecosystem effects of N addition to boreal forest Plant and Soil 423: 385-395 554 

 555 

Hedwall P-O, Strengbom J, Nordin A 2013 Can thinning alleviate negative effects of fertilization on boreal forest floor 556 

vegetation? Forest Ecology and Management 310: 382-392 557 

 558 

Högberg P, Fan H, Quist M, Binkley D, Tamm CO 2006 Tree growth and soil acidification in response to 30 years of  559 

experimental nitrogen loading on boreal forest Global Change Biology 12: 489-499 560 

 561 

Högberg P, Näsholm T, Franklin O, Högberg MN 2017 Tamm review: on the nature of the nitrogen limitation to plant  562 

growth in Fennoscandian Boreal Forests Forest Ecology and Management 403: 161-185 563 

 564 

Homeier J, Báez S, Hertel D, Leuschner C 2017 Editorial: tropical forest ecosystem responses to increasing nutrient 565 

availability. Frontiers in Earth Science 5: 27 566 

 567 

Horikoshi M, Tang, Y 2016 ggfortify: data visualization tools for statistical analysis results URL https://CRANR-568 

projectorg/package=ggfortify [accessed 16 May 2018]  569 

 570 

Huang Z, Clinton PW, Troy Baisden W, Davis MR 2011 Long-term nitrogen additions increased surface soil carbon 571 

concentration in a forest plantation despite elevated decomposition Soil Biology and Biochemistry 43:302–307 572 

  573 

Hyvönen R, Persson T, Andersson S Olsson B, Ågren GI, Linder S 2007 Impact of long-term nitrogen addition on carbon 574 

stocks in trees and soils in northern Europe Biogeochemistry 89: 121-137 575 

 576 

IIASA, FAO 2012 Fischer G, Nachtergaele FO, Prieler S, Teixeira E, Toth G, van Velthuizen H, Verelst L, Wiberg D, eds 577 



21 
 

Global Agro-ecological Zones (GAEZ v30) Laxenburg, Austria: International Institute for Applied Systems Analysis and 578 

Rome, Italy: Food and Agricultural Organization of the United Nations 579 

 580 

Ingestad T 1987 New concepts on soil fertility and plant nutrition as illustrated by research on forest trees and stands 581 

Geoderma 40: 237-252 582 

   583 

Janssens IA, Dieleman W, Luyssaert S, Subke J-A, Reichstein M, Ceulemans R, Ciais P 2010 Reduction of forest soil  584 

respiration in response to nitrogen deposition Nature Geoscience 3: 315-322 585 

 586 

Jarvis PG, Linder S 2007 Forests remove carbon dioxide from the atmosphere: spruce forest tales! In: Freer-Smith PH, 587 

Broadmeadow MSJ, Lynch JM, eds Forestry and Climate Change CAB International Publishing, 60-72 588 

 589 

Jones HS, Beets PN, Kimberley MO, Garrett LG 2011 Harvest residue management and fertilisation effects on soil carbon 590 

and nitrogen in a 15-year-old Pinus radiata plantation forest Forest Ecology and Management 262: 339–347  591 

 592 

Keene WC, Galloway JN, Holden JD 1983 Measurement of weak organic acidity in precipitation from remote areas of the 593 

world Journal of Geophysical Research-Oceans 88: 5122-5130 594 

 595 

Lamarque JF, Dentener F, McConnell J, Ro CU, Shaw M, Vet R, Bergmann D, Cameron-Smith P, Dalsoren S, Doherty 596 
R et al 2013 Multi-model mean nitrogen and sulphur deposition from the atmospheric chemistry and climate model 597 

intercomparison project (ACCMIP): evaluation of historical and projected future changes Atmospheric Chemistry and Physics 598 

13: 7997-8018 599 

 600 

Leppälammi-Kujansuu J, Salemaa M, Kleja DB, Linder S, Helmisaari HS 2014 Fine root turnover and litter production 601 

of Norway spruce in a long-term temperature and nutrient manipulation experiment Plant and Soil 374: 73-88 602 

 603 

Libiete Z, Bardule A, Lupikis A 2016 Long-term effect of spruce bark ash fertilization on soil properties and tree biomass 604 

increment in a mixed scots pine-Norway spruce stand on drained organic soil Agronomy Research 14: 495-512 605 

 606 

Lim H, Oren R, Näsholm T, Strömgren M, Lundmark T, Grip H, Linder S 2019 Boreal forest biomass accumulation is 607 

not increased by two decades of soil warming Nature Climate Change 9: 49–52 608 

 609 

Lindberg N 2003 Soil fauna and global change – responses to experimental drought, irrigation, fertilisation and soil warming. 610 

Doctor’s dissertation. Swedish University of Agricultural Sciences. ISSN 1401-6230, ISBN 91-576-6504-4. 611 

 612 

Linder S 1995 Foliar analysis for detecting and correcting nutrient imbalances in Norway spruce Ecological Bulletins 613 

(Copenhagen) 44: 178-190 614 

 615 

Long X, Chen, C, Xu Z, Linder S, He J 2012 Abundance and community structure of ammonia oxidizing bacteria and 616 

archaea in a Sweden boreal forest soil under 19-year fertilization and 12-year warming Journal of Soils and Sediments 12: 617 

1124–1133 618 

 619 

Maaroufi NI, Nordin A, Palmqvist K, Gundale MJ 2016 Chronic nitrogen deposition has a minor effect on the 620 

quantity and quality of aboveground litter in a boreal forest Plos One: 11: 8 621 

 622 

Maaroufi NI, Palmqvist K, Bach LH, Bokhorst S, Liess A, Gundale MJ, Kardol P, Nordin A, Meunier CL 623 

2018 Nutrient optimization of tree growth alters structure and function of boreal soil food webs Forest Ecology 624 

and Management 428: 46-56 625 

 626 
Magill AH, Aber JD, Currie WS, Nadelhoffer KJ, Martin ME, McDowell WH, Melillo JM, Steudler P 2004 Ecosystem 627 

response to 15 years of chronic nitrogen additions at the Harvard Forest LTER, Massachusetts, USA Forest Ecology and 628 

Management 196: 7-28 629 

 630 

Magnani F, Mencuccini M, Borghetti M, Berbigier P, Berninger F, Delzon S, Grelle A 2007 The human footprint in the 631 

carbon cycle of temperate and boreal forests Nature 447: 848-850 632 



22 
 

 633 

Marklein AR, Houlton BZ 2012 Nitrogen inputs accelerate phosphorus cycling rates across a wide variety of terrestrial 634 

ecosystems New Phytologist 193: 696-704 635 

 636 

Mayor JR, Wright SJ, Turner BL 2014 Species-specific responses of foliar nutrients to long-term nitrogen and phosphorus 637 

additions in a lowland tropical forest Journal of Ecology 102: 36-44 638 

 639 

McMurtrie RE, Näsholm T 2018 Quantifying the contribution of mass flow to nitrogen acquisition by an individual plant 640 

root New Phytologist 218: 119-130 641 

 642 

Mulder C, Ahrestani FS, Bahn M, Bohan DA, Bonkowski M, Griffiths BS, Guicharnaud RA, Kattge J, Krogh PH, 643 
Lavorel S et al 2013 Connecting the green and brown worlds: allometric and stoichiometric predictability of above- and below-644 

ground networks In: Woodward G, Bohan DA, eds Ecological networks in an agricultural world – Advances in Ecological 645 

Research, Vol 49 Amsterdam, The Netherlands: Academic Press, 69-175 646 

 647 

Nadelhoffer KJ, Emmett BA, Gundersen P, Kjonaas OJ, Koopmans CJ, Schleppi P, Tietema A, Wright RF 1999 648 
Nitrogen deposition makes a minor contribution to carbon sequestration in temperate forests Nature 398: 145-148  649 

 650 

Näsholm T, Ekblad A, Nordin A, Giesler R, Högberg M, Högberg P 1998 Boreal forest plants take up organic nitrogen 651 

Nature 392: 914-916 652 

 653 

Nohrstedt H-Ö 2001 Response of coniferous forest ecosystems on mineral soils to nutrient additions: a review of Swedish  654 

experiences Scandinavian Journal of Forest Research 16: 555-573 655 

 656 

Novotný R, Buriánek V, Šrámek V, Hunová I, Skorepová I, Zapletal M, Lomský B 2016 Nitrogen deposition and its 657 

impact on forest ecosystems in the Czech Republic – change in soil chemistry and ground vegetation iForest – Biogeosciences 658 

and Forestry 10: 48-54 659 

 660 

Olsson P, Linder S, Giesler R, Högberg P 2005 Fertilization of boreal forest reduces both autotrophic and heterotrophic soil 661 

respiration Global Change Biology 11: 1745-1753 662 

 663 

Paulot F, Jacob DJ, Henze DK 2013 Sources and processes contributing to nitrogen deposition: an adjoint model analysis 664 

applied to biodiversity hotspots worldwide Environmental Science and Technology 47: 3226-3233 665 

 666 

Pregitzer KS, Burton AJ, Zak DR, Talhelm AF 2008 Simulated chronic nitrogen deposition increases carbon storage in 667 

northern temperate forests Global Change Biology 14: 142-153 668 

 669 

Qian P, Schoenau JJ 2002 Practical applications of ion exchange resins in agricultural and environmental soil research  670 

Canadian Journal of Soil Science 82: 9-21 671 

 672 

R Core Team 2017 R: a language and environment for statistical computing Vienna, Austria: R Foundation for Statistical 673 

Computing URL https://wwwR-projectorg/ [accessed 16 May 2018]  674 

 675 

Reay DS, Dentener F, Smith P, Grace J, Feely RA 2008 Global nitrogen deposition and carbon sinks Nature Geoscience 1: 676 

430-437 677 

 678 

Remén C, Persson T, Finlay R, Ahlström K 2008 Responses of oribatid mites to tree girdling and nutrient addition in boreal 679 

coniferous forests Soil Biology and Biochemistry 40: 2881–2890 680 

 681 

Renesson M, Barbieux S, Colinet G 2016 Indicators of phosphorus status in soils: significance and relevance for crop soils 682 

in southern Belgium Biotechnologie Agronomie Société et Environnement 20: 257-272 683 

 684 

Rosseel Y 2012 Lavaan: an R package for structural equation modeling Journal of Statistical Software 48: 1-36 685 

 686 

Roy RN, Finck A, Blair GJ, Tandon HLS 2006 Plant nutrition for food security – a guide for integrated nutrient management 687 

Rome, Italy: FAO 688 



23 
 

 689 

Ryan MG 2013 Three decades of research at Flakaliden advancing whole-tree physiology Tree Physiology 33: 1123-1131 690 

 691 

Sardans J, Alonso R, Janssens IA, Carnicer J, Vereseglou S, Rillig MC, Fernández-Martínez M, Sanders TGM, 692 
Peñuelas J 2016 Foliar and soil concentrations and stoichiometry of nitrogen and phosphorus across European Pinus sylvestris 693 

forests: relationships with climate, N deposition and tree growth Functional Ecology 30: 676-689 694 

 695 

Sardans J, Grau O, Chen HYH, Janssens IA, Ciais P, Piao S, Peñuelas J 2017 Changes in nutrient concentrations of leaves 696 

and roots in response to global change factors Global Change Biology 23: 3849-3856 697 

 698 

Schlesinger WH 2009 On the fate of anthropogenic nitrogen Proceedings of the National Academy of Sciences of the United 699 

States of America 106: 203-208 700 

 701 

Sigurdsson BD, Medhurst JL, Wallin G, Eggertsson O, Linder S 2013 Growth of mature boreal Norway spruce was not 702 

affected by elevated [CO(2)] and/or air temperature unless nutrient availability was improved Tree Physiology 33: 1192–1205 703 

 704 

Smaill SJ, Clinton PW, Greenfield LG 2008 Nitrogen fertiliser effects on litter fall, FH layer and mineral soil characteristics 705 

in New Zealand Pinus radiata plantations Forest Ecology and Management 256: 564-569 706 

 707 

Smaill SJ., Leckie AC, Clinton PW, Hickson AC 2010 Plantation management induces long-term alterations to bacterial 708 

phytohormone production and activity in bulk soil. Applied Soil Ecology 45: 310–314 709 

 710 

Starr M, Saarsalmi A, Hokkanen T, Merilä P, Helmisaari H-S 2005 Models of litterfall production for Scots pine (Pinus 711 

sylvestris L) in Finland using stand, site and climate factors Forest Ecology and Management 205: 215-225 712 

 713 

Tamm CO, Aronsson A, Popovic B, Flower-Ellis J 1999 Optimum nutrition and nitrogen saturation in Scots pine stands- 714 

Studia Forestalia Suecica  206: 1-126  715 

 716 

Tang Y, Horikoshi M, Li WX 2016 ggfortify: unified interface to visualize statistical results of popular R packages R Journal 717 

8: 474-485 718 

 719 

Ukonmaanaho L, Merilä P, Nöjd P, Nieminen TM 2008 Litterfall production and nutrient return to the forest floor in Scots 720 

pine and Norway spruce stands in Finland Boreal environment research 13: 67-91 721 

 722 

van Breemen N, Driscoll CT, Mulder J 1984 Acidic deposition and internal proton sources in acidification of soils and 723 

waters Nature 307: 599-604 724 

 725 

Van Sundert K, Brune V, Bahn M, Deutschmann M, Hasibeder R, Nijs I, Vicca S 2020 Post-drought rewetting triggers 726 

substantial K release and shifts in leaf stoichiometry in managed and abandoned mountain grasslands Plant and Soil 448: 353-727 

368 728 

 729 
Van Sundert K, Horemans J, Stendahl J, Vicca S 2018 The influence of soil properties and nutrients on conifer forest 730 

growth in Sweden, and the first steps in developing a nutrient availability metric Biogeosciences 15: 3475-3496 731 

 732 

Van Sundert K, Radujković D, Cools N, De Vos B, Etzold S, Fernández‐Martínez M, Janssens IA, Merilä P, Peñuelas 733 
J, Sardans J, Stendahl J, Terrer C, Vicca S 2019 Towards comparable assessment of the soil nutrient status across scales – 734 

review and development of nutrient metrics Global Change Biology https://doi.org/10.1111/gcb.14802 735 

 736 

Vesterdal L, Schmidt IK, Callesen I, Nilsson LO, Gundersen P 2008 Carbon and nitrogen in forest floor and mineral soil 737 

under six common European tree species Forest Ecology and Management 255: 35-48 738 

 739 

Vicca S, Stocker BD, Reed S, Wieder WR, Bahn M, Fay PA, Janssens, IA, Lambers H, Penuelas J, Piao S et al 2018 740 
Using research networks to create the comprehensive datasets needed to assess nutrient availability as a key determinant of 741 
terrestrial carbon cycling Environmental Research Letters 13: 125006  742 
 743 

Wilkinson SR, Grunes DL, Sumner, ME 1999 Nutrient interactions in soil and plant nutrition In: Sumner ME, ed Handbook 744 



24 
 

of Soil Science Leiden, The Netherlands: Taylor and Francis 745 

 746 

Zeng M, de Vries W, Bonten LTC, Zhu Q, Hao T, Liu X, Xu M, Shi X, Shen J 2017 Model-based analysis of the long-747 

term effects of fertilization management on cropland soil acidification Environmental Science and Technology 51: 3843-3851 748 

 749 



25 
 

Table 1 Development of basic stand characteristics of the Flakaliden experimental spruce forest between the start of the experiment in 1986 and the year of sampling for the current study 750 

(2016). Treatments were: Control, 10y-IL = “optimal” nutrient mix since 2007, and 30y-IL = “optimal” nutrient mix since 1987. Change over time in the variables was first calculated per 751 

plot and then averaged per treatment. Statistical significance of treatment effects was determined with one-way ANOVAs, or the non-parametric Kruskal-Wallis rank sum test in case 752 

assumptions of normality or homoscedasticity were not met. Tukey’s test (parametric) or the Bonferroni corrected pairwise Wilcoxon rank-sum test (non-parametric) was used for post-753 

hoc analysis. Letters in superscript indicate significant differences among the three treatments (overall P < 0.05). At the start of the experiment, tree age was 28 years (Bergh et al. 1999). 754 

Data for 1986 were taken from Bergh et al. (1999). 755 

Treatment  1986 2006 2016 Growth 1987 - 2006 Growth 2007 - 2016 

    H BA V H BA V H BA V H BA V H BA V 

    m m2 ha-1 m3 ha-1 m m2 ha-1 m3 ha-1 m m2 ha-1 m3 ha-1 m m2 ha-1  m3 ha-1  m m2 ha-1  m3 ha-1 

Control Mean 

SE 

2.8 
0.1 

2.6 
0.3 

7.3 
0.9 

8.61 

0.2 
18.31 

0.6 
84.7a 

3.7 
11.2a 

0.3 
25.2a 

1.0 
150.0a 

8.1 
5.8a 

0.2 
15.7a 

0.8 
77.4a 

4.3 
2.6a 

0.2 
6.9a 

0.4 
62.1a 

3.9 

                              
  
 

Irrigated (I) 
1987 - 2006; 
Irrigated-

fertilised from 
2007 (10y-IL) 

 

Mean 

SE 

 
3.0 
0.1 

 
3.0 
0.3 

 
8.5 
0.9 

 
8.41 

0.2 

 
17.21 

0.6 

 
77.1a 

2.4 

 
12.8b 

0.2 

 
31.3b 

0.9 

 
198.4b 

6.8 

 
5.4a 

0.2 

 
14.1a 

0.7 

 
68.7a 

2.2 

 
4.4b 

0.1 

 
14.1b 

0.6 

 
121.3b 

5.5 

                                 
   Irrigated - 

fertilised     
(30y-IL) 

Mean 

SE 

3.0 
0.1 

2.6 
0.1 

7.4 
0.4 

13.21 

0.9 
46.11 

1.5 
305.2b 

12.3 
17.6c 

0.5 
59.3c 

1.2 
503.0c 

12.7 
10.6b 

0.9 
42.2b 

1.5 
275.7b 

12.0 
4.0b 

0.4 
14.5b 

0.5 
185.3c 

6.7 

1 Significant overall treatment effect, but no significant differences among treatments detected according to post hoc tests. 756 

 757 

https://paperpile.com/c/Vj7ese/SYsj
https://paperpile.com/c/Vj7ese/SYsj
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Table 2 Needle nutrient concentrations (letters) and stoichiometry (symbol “:”) per fertiliser treatment in October 2016 758 

(Control, 10y-IL = “optimal” nutrient mix since 2007, 30y-IL = “optimal” nutrient mix since 1987), nutrient optimisation 759 

stoichiometry targets as specified in (Linder 1995), and trends in these characteristics over time with nutrient addition at the 760 

Flakaliden experiment (n = 5 per plot). For parameter estimates, the mean ± standard error is given, unless statistical tests were 761 

performed on log-transformed, positively skewed data. In these cases, intervals represent back-transformed values within the 762 

range of one standard error from the mean on a log-scale. Statistical significance of treatment effects was determined with one-763 

way ANOVAs, or the non-parametric Kruskal-Wallis rank sum test in case assumptions of normality or homoscedasticity were 764 

not met. Tukey’s test (parametric) or the Bonferroni corrected pairwise Wilcoxon rank-sum test (non-parametric) was used for 765 

post-hoc analysis. Letters in superscript indicate significant differences between treatments. ↑ and ↓ indicate an overall 766 

increasing or decreasing trend of the characteristic. Arrows between brackets illustrate trends that were only marginally 767 

significant or ambiguous when comparing values for either 10y-IL or 30y-IL vs Control. 768 

 769 

Foliar 
characteristic 

Control 
mean ± SE 
or interval 

10y-IL 
mean ± SE 
or interval 

30y-IL 
mean ± SE 
or interval 

Treatment 
target 

Statistical significance Trend 

N (mg g-1) 

P (mg g-1) 

K (mg g-1) 

Ca (mg g-1) 

Mg (mg g-1) 

C:N  

12.2 ± 0.4a 

1.71 ± 0.06 

5.9 ± 0.2 

6.90 ± 0.531  

1.05–1.28 

44 ± 2a 

14.4 ± 0.7b 

1.98 ± 0.10 

6.0 ± 0.3 

5.58 ± 0.291 

1.06–1.11 

38 ± 2b 

15.6 ± 0.4b 

1.71 ± 0.08 

5.6 ± 0.4 

3.78 ± 0.031 

1.00–1.14 

35 ± 1b 

18 

0.1 x [N] 

0.35 x [N] 

0.025 x [N] 

0.04 x [N] 

n/a 

F2,9 = 10.25; P = 0.005 **  

F2,9 = 3.62; P = 0.07 (*)  

F2,9 = 0.63; P = 0.55 ns  

χ²2 = 9.85; P = 0.007 ** 

F2,9 = 0.38; P = 0.69 ns  

F2,9 = 9.12; P = 0.007 **  

↑ 

 

 

(↓) 

 

↓ 

1 Significant overall treatment effect, but no significant differences among treatments detected according to post hoc tests. 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 
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Table 3 Soil properties and extracted nutrients per fertiliser treatment in 2016 (Control, 10y-IL = “optimal” nutrient mix since 793 

2007, 30y-IL = “optimal” nutrient mix since 1987), and trends in these characteristics over time with nutrient addition at the 794 

Flakaliden experiment. The mean ± standard error is given, unless statistical tests were performed on log-transformed, 795 

positively skewed data. In these cases, intervals represent back-transformed values within the range of one standard error from 796 

the mean on a log-scale. Overall statistical significance of treatment effects was determined with one-way ANOVAs, or the 797 

non-parametric Kruskal-Wallis rank sum test in case assumptions of normality or homoscedasticity were not met. Tukey’s test 798 

(parametric) or the Bonferroni corrected pairwise Wilcoxon rank-sum test (non-parametric) was used for post-hoc analysis. 799 

Letters in superscript indicate significant differences between treatments. ↑ and ↓ indicate an overall increasing or decreasing 800 

trend of the characteristic, ≈ indicates no significant shifts in values, before or after a change up or down. Arrows between 801 

brackets illustrate trends that were only marginally significant or ambiguous when comparing values for either 10y-IL or 30y-802 

IL vs Control. Abbreviations: SOC = soil organic carbon concentration; CEC = cation exchange capacity; TEB = total 803 

exchangeable bases; BS = 100*TEB/CEC = base saturation; PBray = “bio-available” phosphorus following the extraction 804 

method of Bray (Dickman and Bray 1940; Bray and Kurtz 1945). 805 

 806 

Soil characteristic 
Control 
mean ± SE 
or interval 

10y-IL 
mean ± SE 
or interval 

30y-IL 
mean ± SE 
or interval 

Statistical significance Trend 

SOC (%) 
                 0–10cm1 

              10–20 cm 

TN (%) 
                 0–10 cm 
               10–20 cm 

C:N 
                 0–10 cm 
               10–20 cm 

pHwater 

                 0–10 cm 
               10–20 cm 

pHKCl 
                 0–10 cm 
               10–20 cm 

BD (kg m-3) 
                 0–10 cm 
               10–20 cm 

CEC (cmol+ kg-1) 
                0–10 cm1 

              10–20 cm 

TEB (cmol+ kg-1) 
                 0–10 cm 
               10–20 cm 

BS (% of CEC) 
                 0–10 cm 
               10–20 cm 

PBray (mg kg-1) 
                 0–10 cm 
               10–20 cm 

 
2.9–3.5 

2.4 ± 0.7 

 
0.08–0.11a 

0.07–0.10 

 
33 ± 2ab 

27.6 ± 2.2 

 
4.3 ± 0.3 
5.0 ± 0.3 

 
3.1 ± 0.2 
3.9 ± 0.3 

 
770–1410 
1600 ± 300 

 
50 ± 10 

33 ± 9a 

 
13 ± 5 
6–11 

 
28 ± 9 
33 ± 10 

 
12 ± 5 
3 ± 2 

 
7–21 

2.8 ± 0.2 

 
0.19–0.53ab 

0.09–0.20 

 
39 ± 4a 

25.7 ± 6.7 

 
3.9 ± 0.1 
5.1 ± 0.1 

 
2.5 ± 0.1 
3.7 ± 0.2 

 
230–640 
1000 ± 100 

 
220 ± 60 

62 ± 9b 

 
50 ± 20 
7–9 

 
20 ± 4 
15 ± 4 

 
48 ± 14 
11 ± 8 

 
7–15 
2.9 ± 0.2 

 
0.29–0.59b 
0.10–0.11 

 
25 ± 2b 

26.7 ± 0.9 

 
4.2 ± 0.3 
4.8 ± 0.2 

 
2.8 ± 0.3 
3.4 ± 0.2 

 
450–700 
1500 ± 100 

 
130 ± 20 
61 ± 6ab 

 
43 ± 6 
10–16 

 
34 ± 6 
23 ± 5 

 
37 ± 10 
19 ± 7 

 
F2,9 = 3.44; P = 0.08 (*) 
χ²2 = 1.85; P = 0.40 ns 

 

F2,9 = 4.62; P = 0.04 * 
χ²2 = 2.35; P = 0.31 ns 

 

F2,9 = 5.78; P = 0.02 * 
χ²2 = 1.08; P = 0.58 ns 

 

χ²2 = 2.19; P = 0.33 ns 
F2,9 = 0.33; P = 0.73 ns 

 

χ²2 = 4.79; P = 0.09 (*) 
F2,9 = 1.20; P = 0.35 ns 

 

F2,9 = 1.93; P = 0.20 ns 
χ²2 = 2.92; P = 0.23 ns 

 

χ²2 = 6.96; P = 0.03 * 
F2,9 = 4.50; P = 0.04 * 
 

F2,9 = 3.23; P = 0.09 (*) 
F2,9 = 1.13; P = 0.36 ns 

 

F2,9 = 1.13; P = 0.36 ns 
F2,9 = 1.92; P = 0.20 ns 

 

F2,9 = 3.25; P = 0.09 (*) 
F2,9 = 1.43; P = 0.29 ns 

 
(↑) 

 

 

↑ 
 
 

≈  →  ↓ 
 
 
 
 
 
 
 
 
 
 
 
 

 
(↑) → (↓) 

↑ 
 

(↑) 
 
 
 
 

 

(↑) 
 

 807 
1 Significant overall treatment effect, but no significant differences among treatments detected according to post hoc tests. 808 

  809 
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Table 4 Plant root simulator (PRS) probe derived soil mineral nutrient supply rates (n = 4 per plot) per fertiliser treatment in 810 

2016 (Control, 10y-IL = “optimal” nutrient mix since 2007, 30y-IL = “optimal” nutrient mix since 1987), and trends in these 811 

supply rates over time with nutrient addition at the Flakaliden experiment. Probes were installed 26-07-2016, and retrieved 812 

one week later. For parameter estimates, the mean ± standard error is given, unless statistical tests were performed on log-813 

transformed, positively skewed data. In these cases, intervals represent back-transformed values within the range of one 814 

standard error from the mean on a log-scale. Overall statistical significance of treatment effects was determined with one-way 815 

ANOVAs, or the non-parametric Kruskal-Wallis rank sum test in case assumptions of normality or homoscedasticity were not 816 

met. Tukey’s test (parametric) or the Bonferroni corrected pairwise Wilcoxon rank-sum test (non-parametric) was used for 817 

post-hoc analysis. Letters in superscript indicate significant differences between treatments. ↑ and ↓ indicate an overall 818 

increasing or decreasing trend of the characteristic. Arrows between brackets illustrate trends that were only marginally 819 

significant or ambiguous when comparing values for either 10y-IL or IL vs Control. Abbreviations: iN = inorganic nitrogen 820 

(NH4
+ + NO3

-); iP = inorganic phosphorus; “:” = ratio. 821 

 822 
PRS supply rate Control 

mean ± SE 
or interval 

10y-IL 
mean ± SE 
or interval 

30y-IL 
mean ± SE 
or interval 

Statistical significance Trend 

iN (µg N 10 cm-2 wk-1) 

NH4
+ (µg N 10 cm-2 wk-1) 

NO3
- (µg N 10 cm-2 wk-1) 

NO3
- : iN 

iP (µg P 10 cm-2 wk-1) 

K (µg K 10 cm-2 wk-1) 

Ca (µg Ca 10 cm-2 wk-1) 

Mg (µg Mg 10 cm-2 wk-1) 

8–12a 

6–10 

2.1–2.5a 

0.24 ± 0.04a 

2.1 ± 0.7a 

84–126a 

69 ± 7 

14–17 

23–54b 

13–23 

5.7–28.1ab 

0.45 ± 0.15ab 

8.8 ± 2.8ab 

211–278ab 

50 ± 4 

15–20 

86–139b 

17–46 

64.4–91.8b 

0.71 ± 0.07b 

11.3 ± 2.5b 

211–419b 

78 ± 11 

21–35 

F2,9 = 15.77; P = 0.001 ** 

F2,9 = 3.50; P = 0.07 (*) 

χ²2 = 7.04; P = 0.03 * 

F2,9 = 6.07; P = 0.02 * 

F2,9 = 4.65; P = 0.04 * 

F2,9 = 5.40; P = 0.03 * 

F2,9 = 3.31; P = 0.08 (*) 

F2,9 = 3.00; P = 0.10 ns 

↑ 

(↑) 

↑ 

↑ 

↑ 

↑ 

 823 


