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Fine roots are crucial for water and nutrient acquisition in plants; yet it is unknown how nutrient inputs and soil fertility in forests influence fine root biomass seasonal trajectories. Here, we hypothesized that standing fine root biomass increases with addition of a limited resource and shows different seasonal patterns depending on nutrient availability and phenology. We further hypothesized that the influence of climate is greater in the organic layer, causing larger responses of root biomass to climate in the organic layer and stronger responses to nutrient changes in mineral soil. We conducted our study in three European beech (Fagus sylvatica) forests representing a soil fertility gradient with high, medium, and low phosphorus (P) contents. A fully factorial fertilization regime with N and P was applied at each forest site. To test our hypotheses, we conducted soil coring in spring and fall for 2.5 years. Soil cores were fractionated into organic layer (Oe + Oa layer) and mineral soil (A horizon) and used to determine fine root biomass, soil pH and moisture, total concentrations of soil and root nutrients (basic cations, micronutrients, S, P, N, C), soluble concentrations of soil and root P. Fine root biomass in the mineral soil at the forest site with the lowest soil P content increased in response to P addition. Pheno-seasonal changes caused increases in soil P and N in spring and opposing cycling of biomass and fine root labile P contents at the P-medium and P-high sites. Contrary to our expectation, we observed stronger climatic effects on fine root biomass in the mineral soil, whereas soil moisture was more important in explaining fine root biomass variation in the organic layer. Our results show that seasonal patterns of fine root biomass are dependent on the stratification of environmental factors with soil depth and imply negative consequences for fine root biomass in the organic soil layer due to acute soil water content fluctuations and climate change effects in the mineral horizon due to long-term precipitation changes.
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Introduction

In many temperate forest ecosystems, nitrogen (N) and phosphorus (P) limit tree growth (Vitousek et al., 2010; Du et al., 2020). Increased anthropogenic N deposition (Galloway et al., 2008) can stimulate net primary productivity in N-limited forests (Du and De Vries, 2018). Enhanced productivity requires enhanced supply with mineral nutrients and thus, can shift tree nutrition from N to P limitation (Peñuelas et al., 2013; Jonard et al., 2015). Therefore, deterioration of P nutrition might be a consequence of enhanced N availabilities (Talkner et al., 2015). Increased availabilities of both P and N often had synergistic, positive effects on tree species, while effects of single nutrient applications on tree growth were less clear (Elser et al., 2007).

Tree fine roots play a central role in nutrient and water uptake (Vogt et al., 1996; McCormack et al., 2015). Fine roots exhibit distinct seasonal trends of production and mortality (Brassard et al., 2009). Further, root production is highly plastic, responding to soil nutrient and water availabilities (Nadelhoffer, 2000; Brassard et al., 2009; Delpierre et al., 2016; Leuschner, 2020). Field observations in northern forests and greenhouse studies with tree seedlings showed that an increase in N decreased the root-to-shoot ratio (Högberg, 2007; Meyer-Grünefeldt et al., 2015; Dziedek et al., 2017), specifically due to decreases in the fine root biomass (Li et al., 2016). Since fine roots are key to soil foraging, the decrease in fine root biomass along with increased aboveground biomass is thought to increase drought sensitivity of trees (Högberg et al., 1993). However, some tree species may compensate this risk by enhanced fine root production under drought stress (Leuschner, 2020). Thus, climate variables and nutrients are both important drivers of root biomass (Vogt et al., 1996; Gao et al., 2021) but the relative importance of these factors in soils with strongly different nutrient pools is not yet fully understood.

In Central Europe, European beech (Fagus sylvatica L.) is a dominant forest tree species stocking on a vast range of soil types (Leuschner, 2020). In beech forests, fine root biomass and turnover are highly variable, depending on the environmental conditions and soil depth (Kirfel et al., 2019; Meller et al., 2020). Climatic factors such as repeated drought events (Zwetsloot and Bauerle, 2021) or soil warming (Kengdo et al., 2022) stimulated fine root biomass production but did not result in significant increases in standing fine root biomass. However, Lwila et al. (2021) found higher fine root biomass at drier and nutrient poor sites than in moist and nutrient rich beech stands. Lang et al. (2017) reported increasing fine root biomass of beech in the top soil layers with decreasing soil P stocks in the mineral horizon. Clausing and Polle (2020) showed that organic and mineral soil layers played crucial but divergent roles for P uptake under high and low P availabilities. In P poor soil, high fine root biomass and efficient mycorrhizal associations in the organic layer governed P uptake, whereas in P rich soil, P foraging was mainly taking place in the mineral top soil (Clausing and Polle, 2020). Although inverse relationships of soil P contents and root biomass have often been observed (Schneider et al., 2001; Lang et al., 2017), the importance of soil P, soil N or other mineral elements relative to climate and season for the dynamics of fine root biomass in temperate beech forests remains unknown. Since roots also constitute a significant carbon sink (Godbold and Brunner, 2007; Robinson, 2007, Whitehead, 2011; Reich et al., 2014), it is highly relevant to understand which variables are the major drivers for root biomass in beech forests.

In this study, we investigated temporal variation of P, N, and fine root biomass in the organic layer and mineral top soil of three beech forests differing in soil P stocks and climate. To assess the impact of enhanced P and N availabilities, we used P, N, or N + P fertilized as well as unfertilized plots in each forest (Clausing et al., 2021). Our previous study showed that the fertilizer treatments had only small effects on soil and root-associated fungal community composition (Clausing et al., 2021). Here, we focused on seasonal changes of standing root biomass and P contents in roots and soil after fertilization. We expected that P fertilization could increase the standing root biomass, when soil P availability was a limiting factor. In soils with high P availability, we expected no effect of P fertilization on root biomass but under high soil P availabilities, N might be a limiting resource. Therefore, we also fertilized with N and N + P to disentangle interactive effects of P and N on fine root biomass and root P and N contents. We hypothesized: (i) fertilization increases standing fine root biomass, if the added nutrient was severely growth-limiting and decreases root biomass under luxurious resource availabilities, because less investment in root biomass is required to support nutrient supply; (ii) the effects of P or N fertilization on standing root biomass are independent of seasonal changes of root biomass. (iii) Climate has a dominant effect on standing fine root biomass in the organic soil layer because of stronger impact of fluctuations in precipitation and temperature on fine roots close to forest floor than in the mineral soil. To test our hypotheses, we determined the trajectories of fine root biomass, soil and root nutrients by soil coring in spring and fall for 2.5 years and dissected the contributions of climate, fertilization, soil and root chemistry for fine root biomass by variance partitioning.



Materials and methods


Site description

This study was carried out in European beech (Fagus sylvatica L.) dominated forests that exhibit variation in soil P stocks and parent material (Lang et al., 2017). The P-low site (Unterlüss) is located in North German Plain (52°50′21.7″N, 10°16′2.3″E) on an elevation of 115 m above sea level (a.s.l) with mean annual temperature and precipitation of 8.0°C and 779 mm, respectively (Table 1). The beech forests at the P-low site are about 132 years old. The soil is sandy with sandy till parent material. The P-medium site (Mitterfels) in Bavarian Forest (48°58′34.1″N, 12°52′46.7″E) is located at an elevation of 1023 m above sea level (a.s.l). The average beech stand age is 131 years. The soil type is loamy sand with paragneiss parent material (Table 1). The P-medium site has mean annual temperature and precipitation of 4.9°C and 1200 mm, respectively. The P-high site (Bad Brückenau) is situated in “Bayerische Rhön” biosphere reservation (50°21′7.2″N, 9°55′44.5″E) on basalt parent material with silt clay soils. The elevation, mean annual temperature and precipitation at the P-high site are 809 m (a.s.l), 5.8°C and 1031 mm, respectively. The beech trees on the P-rich site have an age of 137 years (Table 1). Further climate, stand and soil characteristics of the study sites have been compiled in Table 1.


TABLE 1    Description of the climate (MAT, mean annual temperature; MAP, sum of annual precipitation), altitude (ALT), soil and stand characteristics of the study sites (Unterlüss: P-low; Mitterfels: P-medium; Bad Brückenau: P-high).

[image: Table 1]

In each forest site, we set up an N, P, and P + N fertilization experiment (details: Clausing et al., 2021). Briefly, 12 study plots, each with an area of 400 m2 were established in each study site in summer 2016. The plots were treated with either nitrogen (N), phosphorous (P), combined nitrogen and phosphorus (P + N), or were kept as control (Con). Each treatment was replicated three times per study site, yielding a total of 36 plots. P was applied once in the late summer 2016 in form of KH2PO4 (50 kg P ha–1) to the P and P + N treatments. N was applied as NH4NO3 (30 kg N ha–1) to the N and P + N treatments at five time points (August 2016, May 2017, September–October 2017, April–May 2018, and September–October 2018). KCl was applied to the Con and N treatments to account for the K in the KH2PO4 fertilizer applied to the P and P + N treatments. The fertilizer was dissolved in tap water and sprayed on the soil surface of the plots.



Sampling

In each plot, soil samples were collected in fall 2016 (Start = 0 month), spring 2017 (9 months), fall 2017 (14 months), spring 2018 (20 months), and fall 2018 (25 months). The dates for the fertilization and soil sampling are provided in Supplementary Table 1. Since we were interested in the long-term effects of the fertilizer, we did not sample directly after fertilizer application to avoid the immediate impacts of P or N addition. Twelve soil cores (21 cm depth × 5.5 cm diameter) were randomly taken and separated into organic layer (OL) and mineral top soil (ML) as described by Clausing et al. (2021). Then, the 12 samples of the OL were pooled resulting in one sample per plot. The ML samples were also pooled. The samples were sieved (4 mm mesh size) and divided into bulk soil and roots and further sieved to separate fine roots (< 2 mm) and coarse roots (> 2 mm). The roots were washed with distilled water before weighing. Bulk soil, fine roots and coarse roots were transported in cooling boxes (approximately 4°C) to the laboratory for analysis.



Root biomass and soil water content

The weight of the fresh soil and root samples was determined. The samples were oven-dried (40°C) and weighed. The water content in the soil (WC_s) was calculated as:
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The fine root biomass (FR) in the mineral soil was determined as:

[image: image]

The fine root biomass in the organic layer was determined correspondingly.



Soil properties and root chemistry

Dry soil samples were mixed with deionized water (1:2.5 ratio of soil to water) and shaking (1 h at 200 rpm). After sedimentation of particles, pH was measured with a pH meter (WTW, Weilheim, Germany).

To determine C and N contents aliquots of dry soil and root samples were milled using a ball mill (MN400, Retsch GmbH, Haan, Germany). Aliquots of about 2–12 mg (soil) and 1.5 mg (fine roots) were weighed into 4 mm × 6 mm tin capsules (IVA Analysentechnik, Meerbusch, Germany) on a microbalance (Model: Cubis MSA 2.7S-000-DM, Sartorius, Göttingen, Germany). Variation in C contents between the soil layers and among soil types led to overflow of the measuring unit in the spectrometer when the same sample weights were used for analyses. Therefore, we used different weights for the soil samples. We used the CN analyzer (vario MICRO cube CN analyzer, Elementar Analysensysteme, GmbH, Langenselbold Germany) or a mass spectrometer (Delta Plus, Finnigan MAT, Bremen, Germany) at the Kompetenzzentrum für Stabile Isotope (KOSI, Göttingen, Germany) to measure the C and N concentrations. Acetanilide (10.36 % N, 71.09% C) was used as the standard.

To measure the contents of total P (Pt) and other elements (K, Ca, Na, Mg, Mn, Fe, Al, and S), 50 mg of each milled sample (roots, soil) was extracted in 65 % HNO3 (25 ml) for 12 h at 160°C (Heinrichs et al., 1986). Labile P (Ps) was determined by extracting 100 mg of sample in 150 ml of Bray-1 solution (0.03 N NH4F, 0.025 N HCl) (Bray and Kurtz, 1945). The resulting extracts were subjected to filtration using phosphate free filter paper (MN 280 1/4, Macherey-Nagel, Düren, Germany) after which elemental analysis by inductively coupled plasma–optical emission spectroscopy (ICP-OES) (iCAP 7000 Series ICP–OES, Thermo Fisher Scientific, Dreieich, Germany) was done at the following wavelengths (nm) (Na: 589.592; K: 766.490; Ca: 317.933; Mg: 285.213; Mn: 260.569; Fe: 238.204; Al: 308.215; S: 182.034; P: 185.942). The calibration was performed using concentrations of element standards (0.1–20 mg l–1) (Einzelstandards, Bernd Kraft, Duisburg, Germany). An overview on the nutrient data for soil and roots has been compiled in Supplementary Table 2. Data for soil and root nutrients in 2018 were downloaded from the dryad repository (Clausing et al., 2021).



Climate and weather

Data for climate and weather were obtained from Wetterzentrale1 because their weather stations are next to the plots. Mean temperature (T) for each sampling date was calculated as mean temperature of 3 months (month of sampling and 2 months before sampling). Similarly, precipitation (Prec) was calculated as the sum of the precipitation for the month of sampling and 2 months before sampling. We calculated the deviation from the long-term climatic conditions (dfc) as the difference between monthly mean temperature of the sampling month and the long-term mean of the temperature in the corresponding months for the period 1981–2010. The deviation from the long-term precipitation was calculated as the difference between the monthly sum of precipitation in the sampling month and the long-term mean of the sum of precipitation in the sampling month. The data shown in Supplementary Table 3.



Statistical analysis

The statistical analyses were performed with R software (R Core Development Team, 2020). The data were checked for normal distribution and homogeneity of variances using linear model residuals (function “lm” from R package “lme4”) and the Shapiro–Wilk test (Shapiro and Wilk, 1965). The data were log or square root transformed if the normality assumption was violated. Non-parametric test (Kruskal–Wallis test) was used if the normality assumption was not met after data transformation. When the normality assumption was met, we used linear mixed effect models (function: “lmer,” R package: “lme4”), analysis of variance (ANOVA) and a post hoc Tukey HSD test for comparison of means (package: “multcomp”) to test for the effect of site, fertilizer treatment and season on fine root biomass, on P and N in the soil and fine roots. We used plot (n = 3 per site) as random factor in the mixed models. Differences of the means at p ≤ 0.05 were considered to indicate significant effects.

To determine the contribution of explanatory variables to fine root mass, we constructed a linear model incorporating all variables {site (P-rich, P-medium, P-poor), treatment (Con, N, P, P + N), season (spring, fall), climate [Temperature (T, T dfc), precipitation (Prec, Prec dfc)], soil chemistry (C/N ratio, C, N, Pt, Ps, Na, K, Ca, Mg, Mn, Fe, S, WC_s and pH), and root chemistry (C/N ratio, C, N, Pt, Ps, Na, K, Ca, Mg, Mn, Fe, S)}. To obtain a model with good fit (lowest AIC), the constructed model was subjected to backward stepwise regression by using the “stepAIC” function from R “MASS” package (Venables and Ripley, 2002). The variables retained by stepwise regression were divided into five categories: site, climate, season, soil properties (mineral elements and WC_s), and root chemistry (mineral elements). Factors in each of the four categories for the organic (site, soil properties, root chemistry), and mineral (Season, soil properties, root chemistry, and climate) soil layers were retained (Table 2). We partitioned the variance of fine root biomass explained by each category using “calc.relimp” function from R “Relaimpo” package (Grömping, 2006) based on the lmg method (averaging sequential sum of squares over all orderings) developed by Lindeman et al. (1980).


TABLE 2    Linear regression models for variation in fine root biomass in the organic and mineral soil.
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Results


Fertilizer treatment and season affect phosphorus in soil

P application caused significant increases in total (p = 0.039) and soluble P (p = 0.008) in the mineral soil of the P-low forest in spring but not in fall (Figures 1A,B). We did not find any significant effects of P or N treatment or the combination of both on the P contents in the organic layer. No significant fertilization effects were found for the total or soluble P contents in the P-medium or P-rich forest soils (Figures 1A,B).
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FIGURE 1
Total (A) and soluble (B) phosphorus content in the organic (OL) and mineral (ML) soil in beech (Fagus sylvatica) forests characterized by low, medium, and high P contents. The study was conducted at the forest sites Unterlüss (P-low), Mitterfels (P-medium), and Bad Brückenau (P-high) using 3 plots per treatment (Con = control = no fertilizer treatment, N = 5 × 30 kg ha–1 nitrogen fertilizer, P = 50 kg ha–1 phosphorus fertilizer, P+N = combined N and P fertilizer treatment). Samples were collected in fall 2016, 2017, 2018 and in spring 2017 and 2018. Data show means per season and treatment (spring: n = 6, fall: n = 9, ± SE). Significant differences at p ≤ 0.05 are indicated for the fertilizer treatment (lowercase letters) and season (uppercase letters) for each forest site.


Irrespective of the fertilizer treatments, total P contents were higher in the organic layer in spring than in fall, indicating seasonal cycling at each of the three studied forest sites (Figure 1A). In the mineral soil, seasonal increases in total P in spring were also significant in the P-medium (p = 0.002) and P-high forest (p = 0.001) but not in the P-low forest (p = 0.103, Figure 1A). In the P-low forest, soluble P contents were higher in spring than in fall in both soil layers studied (p < 0.010, Figure 1B). A significant increase in soluble P in spring was also observed in the mineral soil of the P-high forest (p < 0.001, Figure 1B) but not in the organic layer.

The comparison of the P contents in the three forests confirmed significant differences among the sites in the order P-low < P-medium < P-rich forest (p < 0.001, Figure 1) both soil layers, in agreement with previous investigations in these forests (Zavišić et al., 2016; Lang et al., 2017; Table 1).



Fertilizer treatment and season affect phosphorus in roots

P application as a single factor or in combination with N resulted in forest- and soil layer-specific effects on the P content of fine roots (Figure 2). In the P-low forest, fine roots from the mineral layer contained increased total (p = 0.014) and soluble P contents (p = 0.003) in spring after combined fertilization with P and N (Figure 2A). In the P-low forest, the soluble P contents roots from the mineral soil was also enhanced after P (p < 0.001) application (Figure 2B). In fall, no fertilization effects were found in roots from the mineral soil and organic layer in the P-low forest and the total and soluble P contents were lower than in spring (Figures 2A,B).
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FIGURE 2
Total (A) and soluble (B) phosphorus contents of beech (Fagus sylvatica) fine roots in the organic (OL) and mineral (ML) soil layer. The study was conducted at the forest sites Unterlüss (P-low), Mitterfels (P-medium), and Bad Brückenau (P-high) using 3 plots per treatment (Con = control = no fertilizer treatment, N = 5 × 30 kg ha–1 nitrogen fertilizer, P = 50 kg ha–1 phosphorus fertilizer, P+N = combined N and P fertilizer treatment). Samples were collected in fall 2016, 2017, 2018 and in spring 2017 and 2018. Data indicate means for each season and treatment (spring: n = 6, fall: n = 9, ± SE). Significant differences at p ≤ 0.05 are indicated for the fertilizer treatment (lowercase letters) and season (uppercase letters) in each forest site.


The total P contents in roots from the P-high forest did not respond to any fertilization treatment (Figure 2A) but the soluble P levels in roots from the organic layer and from the mineral soil were enhanced in spring in the P-high forest after P fertilization (Figure 2B).

In the P-medium forest, root total P contents increased in spring under N or combined N and P fertilization but only in roots from mineral soil (Figure 2A). Combined N and P treatment also caused increased soluble P contents in these roots in spring (p = 0.020, Figure 2B). Roots from the P-medium forest further showed P or combined N and P treatment effects in fall, resulting in enhanced total P contents in roots from the organic layer and higher soluble P contents in roots from both soil layers (p = 0.012, Figure 2B).

In addition to fertilization effects, the total P contents in roots were higher in spring than in fall in the organic layer and in the mineral soil, with the exception of roots in the mineral soil at the P-medium site (Figure 2A). The soluble P contents in roots from both the organic layer and the mineral soil also were higher in spring than in fall, with the exception of roots in the organic layer at the P-high forest (Figure 2B).

We also found differences for the root P contents among the forest sites: total P contents in roots increased in the order P-low < P-medium < P-high in both seasons and soil layers (p < 0.001). Soluble P in roots from the mineral layer showed a pattern similar to that of total P (p < 0.001), whereas roots from the organic layer showed this pattern only in spring (p = 0.006).



Season but not fertilizer treatment affect nitrogen in soil and roots

In addition to P, we investigated the impact of fertilizer application and season on soil and root N contents (Figure 3). We did not observe any changes in soil or root N in response to N, P or the combination of N and P application, neither in the organic layer nor in the mineral soil (Figures 3A,B).


[image: image]

FIGURE 3
Soil (A) and fine root (B) nitrogen contents of beech (Fagus sylvatica) in the organic (OL) and mineral (ML) soil layer of forests characterized by low, medium, and high soil P contents. The study was conducted at the forest sites Unterlüss (P-low), Mitterfels (P-medium), and Bad Brückenau (P-high) using 3 plots per treatment (Con = control = no fertilizer treatment, N = 5 × 30 kg ha–1 nitrogen fertilizer, P = 50 kg ha–1 phosphorus fertilizer, P+N = combined N and P fertilizer treatment). Samples were collected in fall 2016, 2017, 2018 and in spring 2017 and 2018. Data indicate means for each season and treatment (spring: n = 6, fall: n = 9, ± SE). Significant differences at p ≤ 0.05 are indicated for season (uppercase letters) in each forest site.


The organic layer contained higher N contents in spring than in fall in each forest site (Figure 3A). In the organic layer in the P-low and P-rich forest, root N was also higher in spring than fall, while in the P-medium forest, root N was higher in the mineral soil in spring than in fall (p = 0.043, Figure 3B).



Fine root biomass is mainly controlled by multiple site conditions and marginally by P fertilization

A significant fertilizer effect on fine root biomass was not found in the organic layer (Figure 4A) and only observed at the P-low site in the mineral layer in fall (Figure 4), where root biomass was approximately 1.3-fold greater after P application than in the control plots (p = 0.018) (Figure 4B).
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FIGURE 4
Beech (Fagus sylvatica) fine root mass in the organic (A) and mineral (B) soil layer of forests characterized by low, medium, and high soil P contents. The study was conducted at the forest sites Unterlüss (P-low), Mitterfels (P-medium), and Bad Brückenau (P-high) using 3 plots per treatment (Con = control = no fertilizer treatment, N = 5 × 30 kg ha–1 nitrogen fertilizer, P = 50 kg ha–1 phosphorus fertilizer, P+N = combined N and P fertilizer treatment). Samples were collected in fall 2016, 2017, 2018 and in spring 2017 and 2018. Data indicate means for each season and treatment (spring: n = 6, fall: n = 9, ± SE). Significant differences at p ≤ 0.05 are indicated for the fertilizer treatment (lowercase letters) and season (uppercase letters) in each forest site.


Root biomass showed significant seasonal changes, with contrasting patterns in different forests (Figure 4). In the organic layer, root mass was higher in spring than fall in the P-low forest (p = 0.006) and lower in spring than in fall in the P-high forest (p < 0.001). In the mineral soil, root mass was higher in fall than spring in the P-medium (p < 0.001) and P-high (p < 0.001) forests (Figure 4).

Root biomass was further affected by the forest site, irrespective of season: in the organic layer, root biomass contents (mg g–1 soil) increased in the order P-high < P-low < P-medium (spring: p < 0.001; fall: p < 0.001). In the mineral layer, root mass was lower in the P-low than in P-medium (spring: p < 0.001; fall: p < 0.001) and P-high forests (spring: p < 0.001; fall: p < 0.001).

To evaluate the impact of climatic conditions, season, site, fertilizer, soil properties, and root chemistry on fine root biomass, we used a total of 33 variables (specified under materials and methods) and determined those retained by stepwise linear regression (Table 2). The model for root biomass in the organic layer (p < 0.001, adjusted R2 = 0.69) contained parameters for the following categories: soil properties (water, carbon and nitrogen contents), root chemistry (total P), climatic conditions (temperature and precipitation) and site (Table 2). The model for root biomass in mineral soil (p < 0.001, adjusted R2 = 0.67) contained parameters for the following categories: soil properties (water, potassium, magnesium, sulfur, and soluble and total P contents), root chemistry (C/N ratio, sodium, calcium, magnesium, iron and total P contents), climatic conditions (temperature and precipitation), and season (Table 2). To determine the contribution of each category, we partitioned the variance that explained fine root biomass (Figure 5). In the organic layer, the variation of fine root biomass was mainly explained by soil properties (37%) and site (27%), whereas root chemistry and climate only explained little variation of fine root mass (1 and 5%, respectively). In the mineral soil, fine root biomass variation was attributed to soil properties (30%), root chemistry (20%), and climatic conditions (16%). In both soil layers, we observed a high contribution of soil chemistry to fine root biomass variation. A major difference between the factors explaining root biomass variation were higher contributions of root chemistry and climate in mineral soil than in the organic layer.
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FIGURE 5
Proportion of fine root biomass variance explained by site, treatment, season, soil, root, and climatic condition categories in the organic layer (OL) and mineral (ML) soil. The variables within each category were retained by stepwise regressing model (provided in Table 2) and explain 71% (OL) and 70% (ML) of the variation of fine root biomass. Residuals refers to unexplained proportion of fine root biomass variance.





Discussion


Soil and root P contents show seasonal dynamics and site-specific fertilization effects

In this study, we investigated key factors that determine root biomass in temperate forests such as temperature, nutrient and water availability (Pregitzer et al., 1993; Eissenstat et al., 2000; Hertel et al., 2013). A novel aspect was that we also included root chemistry because we reasoned that seasonal allocation shifts in nutrients may also influence root biomass. Several studies have shown that beech trees mobilize internal P resources in spring from stem and roots to support leaf flush (Netzer et al., 2017; Zavišić and Polle, 2018), while root growth is favored later in the growth season (this study, Brassard et al., 2009; Zavišić and Polle, 2018). Internal P retranslocation in spring involves transformation of organic P into labile P forms, their utilization for growth and replenishment of plant storage pools in late summer and fall (Netzer et al., 2017; Spohn et al., 2018; Zavišić and Polle, 2018). Mesocosm experiments with 33P tracers showed that P uptake by beech trees is low in spring, despite high P demand and internal resource allocation to leaf production, while P uptake is high in late summer and fall (Spohn et al., 2018; Zavišić and Polle, 2018). These results appear counterintuitive to the present results, showing increased P contents in soil and fine roots in spring and decreased P contents in these compartments in fall. However, these patterns most likely reflect physiological acclimation of P transport systems, which are highly sensitive to P availabilities, resulting in decreased P uptake capacities under high and increased P uptake capacities under low P supply (Kavka and Polle, 2016, Kavka et al., 2021), thus, complying with seasonal fluctuation of P contents in our study.

The observed seasonal trajectory occurred on top of the differences in soil and root P contents due to the P fertility gradient of our study sites (Lang et al., 2017) and was likely caused by P and N inputs due to leaf shedding. In the forests, which we studied here, the P respective N inputs by annual litter fall amount approximately (P/N) 0.16/2.9 g m–2 at the P-low, 0.21/3.6 g m–2 at the P-medium and 0.23/3.2 g m–2 at the P-high site (Lang et al., 2017). Nutrient release and leaching from leaf litter was found over the summer and caused cycling between higher spring and lower fall P and N contents in the organic layer (Fetzer et al., 2021, 2022). Our results confirm this seasonal pattern for N and P in the organic soil layer. Overall, our results support that tree phenology promotes nutrient cycling via litter feedback (Augusto et al., 2002; Hobbie, 2015).

An interesting observation was that seasonal variations in total and soluble P but not in total N (with the exception of the P-medium site) were also found in mineral soil and roots from mineral soil across the P-fertility gradient. The divergent behavior of P and N can be ascribed to different mineralization rates of N and P from degradation of organic compounds in leaf litter (Brödlin et al., 2019a), differences in mobility and sorption in forest soil (Kaiser et al., 2003; Fetzer et al., 2022), seasonal P loss due to drying and re-wetting cycles (Brödlin et al., 2019b), and other abiotic or biotic factors (Augusto et al., 2002). Here, N fertilization rarely affected root nutrient contents but a decrease in root P after N fertilization at the P-medium site (with the highest N contents) suggests that excess N inputs may have triggered imbalance of the N:P ratio (Peñuelas and Sardans, 2022). Unexpectedly, P or P + N fertilization caused increases in labile P not only in roots at the P-low but also at the P-medium and P-high sites (mineral soil), revealing that added P was captured by the trees, irrespective of the soil P contents. The observed P increments occurred in most cases only in spring and not in fall, probably because of higher soil moisture and mineralization rates in spring than in fall (De Feudis et al., 2016; Fetzer et al., 2022).



Impact of nutrient resources and climate on root mass varies between organic and mineral soil

Central questions of our study were whether fertilization and climatic factors affected standing biomass of fine roots. In agreement with our first hypothesis, we observed an increase in fine root biomass following P addition in the mineral layer at the P-low site, i.e., only in the soil with the least P availability (Lang et al., 2017). Since we found neither positive synergistic effects of P + N (Elser et al., 2007) nor negative effects of N (van Dijk et al., 1990; Clemensson-Lindell and Persson, 1995; Nadelhoffer, 2000) on root biomass, we may speculate that P was a growth-limiting factor and therefore, increases in P availability stimulated root biomass production. It is also possible that P fertilization affected root turnover because an increase in root biomass can also be the consequence of a longer root lifetime. The increment in fine root biomass was moderate and only found in fall and therefore cannot be not explained by fertilization treatment as the only factor. Whether minute positive root biomass responses due to P fertilization could counteract P deterioration in European forests (Jonard et al., 2015; Talkner et al., 2015) remains a matter of debate. However, in agreement with other studies (Finér et al., 2007), site fertility had profound influence beech standing root biomass.

Tree nutrition depends not only on root biomass but also on plant-microbial interactions, which show stratification between the organic and mineral soil horizons (Baldrian, 2017; Brabcová et al., 2018; Khokon et al., 2021). In the forests studied here, fertilization did not strongly influence the fungal community composition but P application enhanced the abundance of mycorrhizal species from the family of Boletaceae, which have increased capacities for P retention (Clausing et al., 2021). Thereby, mycorrhizal fungi may have mediated higher P uptake in the fertilized plots without notable effects on fine root biomass.

Enhanced root biomass occurred in most cases in fall. These results agree with other studies (López et al., 2001; Montagnoli et al., 2012) but exceptions have also been reported, showing higher fine root biomass in spring (our study: organic layer at the P-low site; Grier et al., 1981; Burton et al., 2000). These findings highlight root plasticity, most likely reflecting that plants invest in organs that are essential for acquisition of the least available resources (Bridgham et al., 1995; Niklas, 2004). Despite cycling of fine root biomass, season was only a minor factor explaining root biomass variation, probably because we included other potentially strong drivers of root biomass in our models such as mineral nutrients and soil moisture.

Our regression model also elucidated important differences between the impact of P on the variation of root mass in the organic and mineral soil. In the organic layer, soil P was not among the nutrients that could explain fine root biomass variations, despite the importance of the organic layer for P mobilization and tree nutrition (Heuck and Spohn, 2016; Hauenstein et al., 2018; Zederer and Talkner, 2018). In contrast to the organic layer, the labile P fraction was the most important explanatory variable for root biomass in mineral soil. Although the difference in fine root biomass variation explained by “soil chemistry” between the soil horizons was minimal (about 6%), the relevant explanatory factors differed between the soil compartments. Therefore, an important insight of our study was that fine roots along vertical profiles obviously responded autonomously to differences in the surrounding environment. This idea had further support because “root chemistry,” mainly attributable to root P and root basic cation contents, explained a remarkable fraction of root biomass variation in mineral soil (19%) and but very little in the organic soil (1%).

A further category that explained variations in the standing fine root biomass were climatic conditions but in contrast to our initial hypothesis, we found stronger impact of climate in the mineral soil (16%) than in the forest floor (5%). A likely explanation is that the soil water content (category “soil”) was a stronger factor in the organic than in the mineral layer. This finding suggests higher sensitivity of fine roots close to the surface of the forest floor to changes in the actual water availability, whereas fluctuations in water content in deeper soil layers are initially buffered by the water holding capacity of the soil structure, thus, leading to a stronger impact as the consequence of long-term changes in precipitation. Other studies also reported the importance of climatic factors for standing fine root biomass and root turnover (Meier and Leuschner, 2010; Hertel et al., 2013; Gao et al., 2021). Since the organic layer is especially important for tree P nutrition in the P-low site (Lang et al., 2017; Hauenstein et al., 2018; Clausing and Polle, 2020), lower water contents and higher temperatures may put root biomass at this site at a higher risk of failure than in the other forests of our study.




Conclusion

In agreement with our first hypothesis, we show that P-fertilization led to increased fine root biomass only in the mineral soil with the least P availability, while soil or root P contents increased in all soil types. Root biomass showed seasonal shifts, which were associated with changes in soil and root nutrient levels but were unaffected by fertilizer treatments, in contrast to second hypothesis. The seasonal differences in standing root biomass were more important in the mineral than in the organic soil. We propose that higher importance of soil and root nutrients for root biomass in the mineral as compared to the organic layer may be attributable to differences in microbial nutrient cycling. These processes are dominant in the organic layer and may have overruled the impact of soil or root chemistry. In contrast to our third hypothesis, root biomass variation was driven to a much higher extent by climate in the mineral than in the organic layer. Therefore, our results imply that climate change with long-term warmer and drier conditions is likely to endanger root systems below the organic layer. Therefore, negative climate effects may not only be expected for forests on nutrient-poor parent material that rely on the organic layer for nutrient supply but also for forests on more fertile sites, where roots forage in the mineral horizon.
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