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Litter decomposition is a key process that drives carbon and nutrient cycles in forest soils. The decomposition of five different substrate types was analyzed in hemiboreal coniferous forests, focusing on the mass loss and nutrient (N, P, and K) release of fine roots (FR) and needle litter in relation to the initial substrate and soil chemistry. A litterbag incubation experiment with site-specific FR and needle litter and three standard substrates (green and rooibos tea, α-cellulose) was carried out in four Norway spruce and four Scots pine-dominated stands in Estonia. Substrate type was the primary driver of mass loss and the decay rate of different substrates did not depend on the dominant tree species of the studied stands. Alpha-cellulose lost 98 ± 1% of the mass in 2-years, while the FR mass loss was on average 23 ± 2% after 3-years of decomposition. The FR decomposition rate could be predicted using a corresponding model of green tea, although the rate of FR decomposition is approximately five times lower than the rate of green tea in the first 3-years. The annual decomposition rate of the needle litter is rather constant in hemiboreal coniferous forests in the first 3 years. The initial substrate of fine roots or needle litter and soil chemistry jointly had a significant effect on mass loss in the later stage of decomposition. The critical N concentration for N release was lower for pine FR and needle litter (0.9–1.3% and 0.7–1.1%) compared to spruce (1.2–1.6% and 1.5–1.9%, respectively). The release rate of K depended on the initial K of substrate, while the release of N and P was significantly related to the initial C:N and N:P ratios, respectively. The results show the central role of soil and substrate initial chemistry in the decomposition of fine roots and needle litter across hemiboreal forests, especially at later stage (after 2 years) of decomposition. The slower decomposition and higher retention of N in the fine roots relative to needle litter suggests that fine roots have a substantial role in the carbon and nitrogen accumulation in boreal and hemiboreal forest ecosystems.
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INTRODUCTION

Decomposition is a crucial process in forest soil regulating long-term storage of carbon and nutrient availability and determining soil fertility (Aerts, 1997; Berg and McClaugherty, 2008). More than 50% of the net primary production is returned to the soil in the form of aboveground and belowground litter (Wardle et al., 2004). The decomposition of plant litter is controlled by three main drivers – climate, litter quality and microbial communities, and can be separated into at least two stages (Berg and McClaugherty, 2008). The early stage decomposition process (mass loss approximately up to 40%) is characterized by the leaching of water-soluble compounds and the decomposition of solubles, cellulose and hemicellulose (Couteaux et al., 1995; Heim and Frey, 2004). The later stages of decomposition (approximately 40–100% mass loss) comprise the degradation of more recalcitrant compounds (Berg and McClaugherty, 2008). In general, litter chemical composition and decomposers dominate the decomposition process on regional or local scales, while climate is assumed to determine decomposition globally (Berg, 2000; Bradford et al., 2016). Litter quality, which is mainly determined by the relative content of recalcitrant organic compounds (e.g., lignin or phenols) and macronutrients, is of particular importance in controlling the mass loss and dynamics of litter nutrients during decay under similar climatic conditions (Prescott et al., 2000; Berg and McClaugherty, 2008). Several studies have shown that high initial nitrogen (N), phosphorus (P), and potassium (K) concentrations in litter regulate the early stages of decomposition by stimulating the decay of celluloses and solubles (Berg and Staaf, 1980; Berg and Matzner, 1997; Chen et al., 2002; Cusack et al., 2009; Sardans and Penuelas, 2021). However, high N inhibits the decay in the later stages by suppressing the activity of lignolytic enzymes (Carreiro et al., 2000) and shifting the decomposer-community composition (Couteaux et al., 1995). Considering the decomposition of soil organic matter, two opposing N cycling processes can be distinguished: immobilization as N accumulates in the substrate and mineralisation as N is released from the substrate. The concentration at which decomposing substrates switch from net accumulation to net release occurs is called the “critical N concentration” (Ågren and Bosatta, 1996). The critical N concentration depends on the initial N concentration of the litter, N availability in the soil, and the temperature and moisture conditions. In addition to climate (temperature, precipitation), local site conditions (fertility, litter and soil chemistry, decomposer community) also influence litter decomposition through the combined effect of nutrient availability and the soil moisture regime (Chapin et al., 2002). The main chemical soil properties include pH, organic carbon content and nutrients, of which soil nitrogen and phosphorus have been reported to be regulating and limiting factors (Coleman et al., 1999; DeLuca and Boisvenue, 2012).

The litterbag method, in which site-specific litter or standard litter material is retained for a certain period, is the most commonly used approach to determine litter decomposition in all ecosystems (Berg et al., 1993; Johansson, 1994). An exponential decay model (Lõhmus and Ivask, 1995) has been used for describing decomposition dynamics of different substrates. Site-specific litter is widely used to determine the specific decomposition rate of local litter since the decomposer communities are often adapted to site-specific litter. However, the use of cellulose or commercially available teabags allows us to compare driving factors of decomposition at the local, regional and global scales (Keuskamp et al., 2013) by excluding the site-specific litter quality effect but maintaining the role of local decomposers and abiotic factors. Plants typically contain up to 60% cellulose (Kögel-Knabner, 2002); thus, the decomposition of cellulose is a key activity of soil bacteria and is vital to the energy flow through soils and the cycling of N, P and other nutrients, since immobilization generally accompanies cellulose decomposition (Killham and Prosser, 2015). The decomposition rate of cellulose has been proposed as a general index of decomposer potential (Brække and Finér, 1990) which refers to diversity of soil microorganisms and or the activity of extracellular enzymes (Kurka, 2001). Therefore, cellulose can be used for assessing the relative decomposition potential of the soil, but not the absolute decomposition activity (Howard, 1988; Kurka et al., 2001). Similarly, the tea bag method, introduced by Keuskamp et al. (2013), is a standardized cost and time-efficient method that provides proxy data on decomposition rates and litter stabilization. According to the method, two types of tea material are used: relatively labile and rapidly decomposing green tea with a high cellulose content, and rooibos tea, which has a high lignin content and therefore expresses relatively low decomposition rates (Djukic et al., 2018). Similar to cellulose decomposition studies, the teabag method does not provide a quantitative measure of local carbon losses and decomposition rates because the tea is not equivalent to the site-specific litter. However, decomposition of standard materials highlights the influence of the different soil conditions or climatic factors at sites or biome level. Little is known, whether the decomposition rate of standard substrates could be used in modeling of native litter decay rate.

In this study, we examined the decomposition of five different site-specific and standard substrate types (fine roots and needle litter of Scots pine and Norway spruce, green tea, rooibos tea, α cellulose) across eight hemiboreal coniferous forests–four pine- and four spruce-dominated stands with different productivity using litterbag experiments for 3 years. We analyzed the effect of soil chemistry, soil moisture, soil temperature, precipitation, site productivity, and initial litter chemistry on decomposition. We aimed to: (1) compare decomposition dynamics of standard and site-specific substrates to determine the predictive power of standard substrates in the hemiboreal zone (2) analyze the dynamics of macronutrients (N, P, and K) of the incubated fine roots and needle litter; and (3) determine the range of critical N concentrations for fine roots and needle litter at which the net release of N begins in hemiboreal coniferous forests. We hypothesized that: (1) the substrate type and its initial chemistry, in particular the N content, is driving the mass loss and the rate of nutrient release is positively related to the initial nutrient concentration in the substrate; and (2) decomposition of standard substrates reflects the differences between forest sites and dominating conifer species.



MATERIALS AND METHODS


Site Description

The study was carried out at four Scots pine (Pinus sylvestris L.) and four Norway spruce (Picea abies (L.) Karst) dominated stands in Estonia from 2012 to 2015 (fine roots, needle litter, α-cellulose; hereafter referred to as the main study period) and from 2016 to 2019 (green and rooibos tea) (Table 1). Studied stands covered a range of typical hemiboreal forest sites from dry, nutrient-poor and low-herb coniferous stands to mesic-moist and nutrient-rich coniferous forests consisting also some deciduous trees and a large number of herbs and shrubs (EEA, 2006). Approximately 81% of the forests in Estonia grow on mineral soils (Valgepea et al., 2017), and the current study sites represent approximately 40% of these forest site types. All of the stands are classified as upland mineral soils, except for the drained Polytrichum stand, which is growing on lowland mineral soil. The pine stands were rich in understory and dominated by perennial shrubs, while annual grasses were primarily found in the spruce stands. No remarkable herbaceous understory was present in the drained Polytrichum stand. However, the ground cover was dominated by moss (Pleurozium schreberi). Most of the stands belong to the International Co-operative Program on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests) and the International Co-operative Program on Integrated Monitoring of Air Pollution Effects on Ecosystems (ICP IM) long-term forest monitoring network, which were established in the 1990s.


TABLE 1. Site characteristics and the chemical parameters of the soil organic layer (TOC, N, P, K, and pH) of the studied Scots pine and Norway spruce stands (Kriiska et al., 2019).

[image: Table 1]The average air temperature of the stands was 18.0°C in July and −4.0°C in January during the main study period. Mean annual precipitation (MAP) varied from 410 mm (Fragaria pine, Calamagrostis spruce) to 788 mm (Polytrichum spruce). Mean annual temperature (MAT) and MAP for all study years (2013–2019) and sites were obtained from the nearest weather stations1 (Supplementary Table 1). A more detailed description, including a map of the study sites, can be found in Kriiska et al. (2019).



Decomposition of Needle Litter, Fine Roots, α-Cellulose, Green Tea, and Rooibos Tea

The decomposition study was carried out using the in situ litterbag method. Incubated needles included site-specific pine or spruce needle litter collected throughout the previous year from each study site according to the ICP Forests and ICP IM manuals (methodology available at the ICP Forests website: http://icp-forests.net/). Site-specific fine roots (<2 mm in diameter) of dominating tree species were collected with soil cores in August and September 2012. Before the start of incubation, all litter types were oven-dried at 65°C for 48 h and the exact initial weight was recorded. For each sample, approximately 0.5 g of fine roots, 1 g of needle litter and 1 g of α-cellulose (1 mm thick, 30 × 50 mm wide sheets) was put in nylon bags. The mesh size was 1 mm for the α-cellulose and needle litter and 0.1 mm for fine roots. In total, 40 litter bags of each litter type were buried for each of the eight sites. Needle litter bags were placed on the soil surface and lightly covered with surrounding litter, while the α-cellulose and fine root bags were inserted at a depth of 5 cm into the soil organic horizon or in the humus horizon (in case of the Oxalis site) during October and November 2012. Five to seven samples of each litter type were collected at all sites after a field incubation period of 1 month (except needle litter), 7–8 months, 1, 2, and 3 years. A standardized protocol (Djukic et al., 2018) was applied for the decomposition of green and rooibos tea. Tea bags were buried in June or July 2016 in the top 5 cm of the soil and retrieved after 3, 12, 24, and 36 months. Soil and ingrown material (roots, mosses etc.) were removed from all of the retrieved litterbags, the decomposing material was dried to a constant weight at 65°C for a minimum of 48 h and the remaining mass was weighed to the nearest 0.1 mg. Mass loss was calculated for each litter sample as the relative difference between the initial and retrieved dry mass. Comparison of mass loss and decomposition rate of tea bags and other litter types were performed only on annual basis to exclude the effect of different installation time.



Chemical Analyses

Composite samples were used for further chemical analyses. Fine root and needle litter samples were analyzed for total nitrogen (modified Kjeldahl method; ISO 11261), total phosphorus [inductively coupled plasma atomic emission spectrometry (ICP-OES)], total organic carbon (IR-spectrometry) and potassium (flame-emission spectrometry) at the Estonian Environmental Research Centre laboratory, which holds a certificate for chemical analysis for ICP Programs. The concentrations of cellulose and lignin were determined using the acid detergent lignin method. Soil chemical parameters were determined during the BioSoil project in 2006–2008 following the ICP Forests and ICP IM manuals.



Statistical Analyses

Statistical analyses were carried out using the SigmaPlot 12.5 (Systat Software Inc., 2011) and STATISTICA 7.1 software (StatSoft, Inc., 2005); level of significance was set at p < 0.05. The normality of variable distribution was verified using the Kolmogorov–Smirnov test. One-way analysis of variance (ANOVA), followed by Tukey’s HSD was performed to test the differences in mass loss between different litter types and stands. The t-test for independent samples by groups was applied to determine differences between the initial chemistry of the incubated fine root and needle litter and differences in the initial chemical composition of the incubated pine and spruce litter. Means are presented with standard errors (SE).

Redundancy analysis (RDA) (CANOCO program et al., 2002) was applied to examine the relationships between the mass loss over time across all litter types (response variables) and the site productivity and chemical parameters of the soil organic layer (pHCaCl2, N, P, K, TOC, C:N ratio, N:P ratio; explanatory variables), the sites were included as dummy variables. First, we tested with manual selection the explanatory variables (Monte Carlo permutation test, p < 0.05). Then RDA with forward selection was used to test the significance of decomposition time, sites, stand productivity, soil K on mass loss of all five substrate types over a 3-year study period. GLM analysis was applied to test the effect of mean soil temperature and sum of precipitation of different years as continuous predictors of fine root and needle litter decomposition, the sampling year, stand and substrate type were considered as categorical factors. Analysis of covariance (Fixed Effect Test, Type III) was used to determine the relationships between the mass loss of site-specific litter (i.e., fine root and needle litter) and the combined effect of initial litter and the soil chemical parameters, using tree species and litter type as the grouping variables. Stepwise multiple linear regression analysis was carried out with each first-, second-, and third-year mass loss of each litter type separately to determine the effects of site productivity, environmental parameters (MAP, soil moisture and temperature during the vegetation period) and soil chemical parameters. T-test for dependent samples was applied for pairwise comparison of MAT and MAP of first, second, and third year as study periods November 2012/October 2013 vs. July 2016/June 2017, November 2013/October 2014 vs. July 2017/June 2018, and November 2014/October 2015 vs. July 2018/June 2019, respectively.

Site productivity indices (B) were obtained from Kriiska et al. (2019); B expresses the estimate of forest productivity considering the rate of height growth of dominating trees at different age.

When decomposition followed the exponential decay model (1), then the decomposition rate (k) was calculated from remaining dry mass using the exponential decay model (Olson, 1963 modified by Lõhmus and Ivask, 1995):

[image: image]

where Mt is the mass (g) at time t, M0 is the initial mass of incubated litter (g), k is the decomposition rate, and t is the elapsed time. For fine roots (Lõhmus and Ivask, 1995) and tea substrates, k decreases with time:

[image: image]

where a and b are coefficients, and t is time (years in our study). The litter type and dominating tree species effect on annual k was tested by factorial ANOVA separately for each year. Nutrient release rates were calculated from the percentage of nutrient mass remaining at time t (Lin et al., 2011):

[image: image]

where Rt is the nutrient release rate (% year–1) at time t, Nt is the percentage of nutrient remaining (as percent of original mass) at time t, and t is the elapsed time (year); data are in Supplementary Table 2. When Rt < 0, denotes nutrient immobilization into substrate. Rt of nitrogen was calculated at the end of the experiment, i.e., from the litter retrieved after 3 years of decomposition. Rt of phosphorus and potassium were calculated from the litter retrieved after 1.7 years of decomposition. Release-accumulation dynamics of P in needle litter were calculated for six stands out of eight, because the data for Fragaria pine and Calamagrostis spruce forests were incomplete. Pearson correlation analysis was used to evaluate the relationship between the nutrient release and the initial fine root and needle litter quality.



RESULTS


Initial Chemistry of the Incubated Substrates

Although the average concentrations of N, P, and K were higher in the fine roots, the initial chemistry did not differ significantly between the incubated fine root and needle litter (Table 2). The most productive stand, the Oxalis spruce had the highest concentration of N and K in the needles and the highest K concentration in the fine roots, as well as the lowest C:N ratio both in the needles and fine roots across the studied stands. The lowest concentration of N in the needles was found in the driest and low fertility Cladonia pine stand. The lowest level of P and cellulose was found in the fine roots of the calcareous and the least productive Calamagrostis spruce site.


TABLE 2. Chemical composition (±standard error) of the incubated needles and fine roots.

[image: Table 2]Nitrogen concentration (R2 = 0.58, p = 0.03) and the C:N ratio (R2 = 0.54, p = 0.04) of the fine roots revealed a negative and positive correlation with the site productivity index (B; lower B value indicates higher site productivity), respectively, while the initial needle litter chemistry was not correlated with B.

The average content of TOC and the C:N ratio was significantly higher and the concentration of K was significantly lower in the pine needles compared to the spruce needles, while there were no significant differences in the chemical composition of the incubated fine roots between tree species.



Mass Loss and Its Dependence on the Soil and Substrate Chemistry

The mass loss of all substrates was significantly dependent on substrate type (<0.001; n = 5) and time (<0.001; n = 3). The effect of annual variation of the stand specific mean soil temperature was not significant over the whole study period. There was no difference in MAT and MAP between first, second, and third year pairs of two study periods, 2012/2013 vs. 2016/2017, 2013/2014 vs. 2017/2018, and 2014/2015 vs. 2018/2019, respectively (Supplementary Table 2).

The increase in mean mass loss in time for all substrates was described by power functions (Figures 1A,B). The highest mean (±SE) mass loss was recorded for the α-cellulose that had nearly completely decomposed by the end of the second year (98 ± 1%) (Table 3), followed by the green tea (76 ± 1%) and the needle litter (51 ± 3%). Although the mass loss of fine roots was higher compared to the α-cellulose 1 month after the start of incubation (8 ± 2% and 2 ± 1%, respectively), the mass loss of fine roots remained the lowest among the litter types throughout the study period, reaching 23 ± 2% by the end of the third year. The needle litter lost approximately three times more (66 ± 2%) of its original mass than the fine roots by the end of the study.


[image: image]

FIGURE 1. Mass loss (%) of α-cellulose, needle litter, fine roots studied from 2012 to 2015 (A), green tea and rooibos tea (B) studied from 2016 to 2019. Error bars represent the standard error of means.



TABLE 3. Mass loss (%±SE) of fine roots, needles, green tea, rooibos tea, and the α-cellulose.

[image: Table 3]
The mass loss of fine roots and needle litter varied significantly between the different study sites after 1 year of decomposition; however, the differences in the mass loss between the stands diminished by the second year and almost disappeared by the end of the third year (Table 3). There were no significant differences in the mass loss of the standard substrates (α-cellulose, green and rooibos tea) between the study sites, except for the first year mass loss of the rooibos tea, which was significantly lower in the Oxalis spruce stand compared to the Vaccinium vitis-idaea pine stand. Although the mean value of the mass loss of all the substrate types was constantly higher in the pine stands, there was no significant difference in the substrate mass loss between the pine and spruce stands.

Results from RDA analysis with manual selection showed that the decomposition time, sites and stand productivity (B), and the average K content in the soil organic layer explained approximately 76% of the variation in mass loss of all substrates over 3 years of the study period (p < 0.05; Supplementary Figure 1). Among the latter, the decomposition time explained about 52% of variation in mass loss and correlated best with the first axis and the mass loss of standard substrates and needle litter, while mass loss of fine roots correlated better with the second axis (14%) being related to stand productivity (B) and the average K content in the soil organic layer. Multiple regression analysis with environmental parameters such as soil moisture, soil temperature and precipitation did not reveal any significant relationships with substrate mass loss.

According to the regression analysis carried out for each substrate type separately, the 1-year mass loss of the α-cellulose depended on the site productivity (p = 0.03, R2 = 0.58), with the mass loss being higher in the more fertile and productive sites (Supplementary Figure 2); however, the effect disappeared by the end of the second year. The 1-year mass loss of the green tea showed a negative relationship to the N:P ratio of the soil organic layer (p < 0.01, R2 = 0.76). The 2- and 3-year mass loss of the needle litter (p = 0.02, R2 = 0.67 and p = 0.01, R2 = 0.74, respectively) and the 2-year mass loss of green tea (p = 0.01, R2 = 0.68) were related negatively to the soil K content (Supplementary Figure 3).

Correlation analysis with initial substrate chemistry revealed that the 1-year mass loss of Scots pine fine roots (p = 0.01, R2 = 0.98) and needle litter (p = 0.04, R2 = 0.93) was significantly and positively related to the initial N content; however, the relationships were not significant for the incubated spruce litter. The 3-year mass loss of pine needles also expressed a positive dependence on the initial N content, though the relationship weakened (p = 0.047, R2 = 0.91). Additionally, the 1-year mass loss of pine needles showed a strong positive correlation with the initial P and K concentration (p < 0.01, R2 = 0.99 for both nutrients) and 1-year mass loss of pine fine roots expressed a positive relationship (p = 0.03, R2 = 0.94) with the initial litter K.

Since the mass loss of the site-specific substrates, i.e., fine roots and needle litter, did not reveal substantial relationships with the soil organic layer chemistry, a covariance analysis was applied to also take into account the differences in the initial substrate quality and its combined effects with soil properties. According to the covariance analysis, the 2-year mass loss depended significantly on the substrate type (Table 4), while the 3-year mass loss was significantly related to the N, P, and K concentration of the initial substrate and to the TOC, P, and K content of the soil organic layer, substrate type and interaction of the substrate type and tree species.


TABLE 4. Analysis of covariance of the pooled fine roots and needle litter mass loss (N = 15) after 1, 2, and 3 years, initial substrate and soil chemistry.

[image: Table 4]


Decomposition Rates of the Fine Root, Needle Litter and Green and Rooibos Tea

A pattern of high decomposition rates of the fine roots during the first year followed by the stabilization of the k values in the second and third year was observed in the overall 3-year decomposition study period (Supplementary Figure 4). The modeled 1-year k rates of fine roots ranged from 0.13 to 0.31 (Table 5), being highest in the Vaccinium vitis-idaea pine stand where the initial lignin:cellulose ratio was the lowest (Table 2). The fine roots of the Myrtillus pine stand expressed the lowest k values throughout the study period. The difference between the first and third year k values of fine roots was approximately two-fold in all of the studied stands except for the Oxalis spruce stand where the difference was 1.3 fold. The average fine root decomposition rates did not differ significantly between the Scots pine and Norway spruce stands in any of the study years.


TABLE 5. The modeled decomposition rates (k; Eq. 1) of the fine roots, needle litter and green and rooibos tea at time 1, 2, and 3 years after start of the incubation.

[image: Table 5]The k function of needle litter was not significantly time-dependent, except for the Oxalis spruce and Myrtillus pine stands; in the latter however, k increased with time (Table 5).

The decomposition rate of green tea was on average three-fold higher compared to rooibos tea during the first 3 months (Supplementary Figure 5). The k values decreased in time for both tea substrates (p < 0.05; Table 5), however, the k of green tea remained significantly higher compared to rooibos tea in the first, second, and third year (p < 0.05). The range of k variation of tea substrates was higher in spruce stands compared to pine forests in all years, however, neither dominating tree species nor forest site type were significant.

The annual k values of fine roots, green and rooibos tea remained different (p < 0.001) along 3-year study period. The decomposition rate of fine roots and both tea substrates correlated positively (p < 0.01, r = 0.62–0.72), the strongest relationship was found between the decomposition rates of green tea and fine roots during 3-year study period (p < 0.001, r = 0.72).



Nutrient Dynamics of the Decomposing Fine Roots and Needle Litter

Nitrogen concentration increased significantly in the retrieved fine roots (p < 0.01, N = 56) and in the needle litter (p < 0.01, N = 42) during the 3-year decay period. Simultaneously, the C:N ratio of the decomposing needles (p < 0.01, N = 38) and fine roots (p = 0.02, N = 56) decreased over time.

The release rate of N correlated significantly with the initial C:N ratio in the fine roots (Table 6), indicating higher N release from roots, where the initial relative N content is higher. P release from the fine roots and needle litter both correlated negatively to the initial litter N:P ratio, while the RtP of fine roots also correlated with the initial litter P content. The release rate of K revealed a strong positive correlation with the initial N and K concentration in the needle litter.


TABLE 6. Pearson correlations (p < 0.05) for the fine roots and needle litter initial chemistry, respectively, and nutrient release rates (Rt).

[image: Table 6]A loss of N could be observed in all the pine fine roots and in the fine roots of the Polytrichum spruce after the first month of incubation (Figure 2). Both, the needle litter and fine roots showed an increase in the absolute amount of nitrogen in the decomposing litter mass; however, a pattern of two rapid N immobilization peaks appeared in the retrieved fine roots at around 0.7 and 2 years after the start of the decomposition in most of the study sites. The decomposing fine roots immobilized up to 1.5 times (Myrtillus pine) and needle litter up to 1.1 times (Myrtillus spruce) of its initial N amount. The release of N after accumulation started in the critical N concentration range of 0.9–1.3% and 1.2–1.6% for the pine and spruce fine roots, respectively (Figure 2). For the needle litter, the critical level of N varied in the range of 0.7–1.1% and 1.5–1.9% for the pine and spruce, respectively. Irrespective of conifer species, fine roots retained relatively more N compared to the initial amount than the needles in all of the studied stands. The final N release was on average 11 ± 4% from fine roots and 34 ± 5% from needles at the end of the 3-year decomposition period.
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FIGURE 2. Changes in mass remaining (percentage of initial amount) of nitrogen (N; black line), phosphorus (P; blue line) and potassium (K; green line) in the incubated pine and spruce fine roots and needle litter (left axis). N concentration of the substrate is indicated with red line (right axis) and the critical N concentrations with red arrows.


There were no significant differences in the retention of P in the fine roots and needle litter after 1.7 years of incubation (70 ± 4% and 75 ± 8%, respectively, Figure 2). However, pine needles that also had low initial P concentrations (<400 mg kg–1, Table 2) displayed a net P accumulation, while the spruce needles that had high initial P concentration (>800 mg kg–1, Table 2) were constantly losing P from the beginning of the decomposition study.

Fine roots released K rapidly in the first month, losing approximately 80% of their initial amount of K. Although needle litter retained more K (51 ± 6%) than fine roots (33 ± 2%) 1 year after the start of the decomposition, the difference leveled out by the time of the retrieval (1.7 years of decomposition), when both litter types had 30% of the initial K remaining on average.



DISCUSSION


Mass Loss and Decomposition Rate of Different Substrate Types and the Impact of Environmental Factors, Soil and Initial Substrate Chemistry

The substrate type and decomposition time are the main factors explaining the mass loss and the decomposition rate of all studied decomposing substrates. Alpha-cellulose was the most rapidly decaying litter type that nearly completely decomposed in 2 years indicating that cellulose utilizing soil microorganisms are not limiting decomposition in the studied stands. This is in good accordance with the results of López-Mondéjar et al. (2016) who showed cellulose hydrolysis to be a relatively common trait of microbes inhabiting forest litter and soil. The 3-month mass loss of green and rooibos tea was on average 66 ± 2% and 27 ± 2%, respectively in Estonia, while Djukic et al. (2018) found globally (across nine biomes) 3-month mass loss of green and rooibos tea 62 and 22%, respectively. Duddigan et al. (2020) analyzed chemical changes in both tea substrates during 90 days’ incubation, concluding that both green and rooibos tea are comparable with native litter decomposition. After 1 year of decomposition the mass loss of rooibos tea was approximately two-fold lower compared to green tea, on average 36 and 73% of their initial mass, respectively, which can be explained by higher fraction of water-soluble compounds in the green tea (Didion et al., 2016; Djukic et al., 2018). In the current study, the mass loss of the green tea was significantly related to the N:P ratio of the soil organic layer; however, the mass loss decreased with the relative increase of nitrogen. Green tea had a remarkably high initial N concentration, thus the surplus of N could have inhibited decay due to the suppression of lignolytic enzymes (Prescott, 2010). However, since green tea was low in lignin, the mass loss rate could have decreased due to the P limitation. The decomposition of labile, nutrient-rich organic matter is generally driven by fast-growing microbes with high metabolic activity (Fontaine et al., 2003) and such fast-growing microbes have particularly high demands for P because rapid cell division require large amounts of P-rich RNA (Elser et al., 2003).

During the first year of decomposition, the mass loss of site-specific needle litter and fine roots was significantly lower compared to standard substrates. The mass loss of needles during the first year varied from 25 to 35%, which falls in the mass loss range of 11–44% reported for pine and spruce needles in boreal coniferous forests (Berg and Staaf, 1980; Johansson, 1994; Kurka, 2001; Prescott et al., 2004). The average mass loss of needle litter reached the same level as rooibos tea after 2 years of decomposition. However, the needle litter decomposition exceeded annual mass loss of the rooibos tea about 10% after the third year of decomposition, while the mass loss of rooibos tea slowed down and stabilized at a mass loss decrease rate of 9–10% per year after the first year of decomposition.

The mass loss of fine roots was the lowest across the studied substrate types throughout the study period, except for the first month since incubation when α-cellulose expressed lower mass loss. Our findings are in agreement with results found in the literature showing that roots decompose up to 10 times more slowly than leaf litter due to their higher concentrations of lignin and suberin (Silver and Miya, 2001; Freschet et al., 2013; Kyaschenko et al., 2019). An earlier study conducted in Estonia by Lõhmus and Ivask (1995) reported that the fine roots of Norway spruce lost 21–33% of their dry weight after 1 year of incubation, which is higher than the average mass loss of spruce fine roots (17 ± 2%) in the current study. However, the average site productivity of the stands in Lõhmus and Ivask (1995) was higher compared to the stands in the current study. This is in good agreement with our results that fine roots decompose faster in stands with higher productivity.

Our study revealed that the decay rate k of two native litter and two tea types as standard substrates ranged from 0.19 ± 0.02 to 1.04 ± 0.07 in the first year, from 0.12 ± 0.01 to 0.58 ± 0.04 in the second year and from 0.10 ± 0.01 to 0.39 ± 0.02 in the third year being lowest for fine roots and highest for green tea in the hemiboreal coniferous forests throughout the whole study period. According to exponential decay model (Eq. 1; Lõhmus and Ivask, 1995) the k dynamics (Eq. 2) of green tea can be used to predict the rate of fine root decomposition, which was approximately five times lower during the studied 3-year period. After an initial short and fast decomposition phase within the first year, both substrates reached the plateau with a very low decomposition rate. Duddigan et al. (2020) suggests that microbial community cannot exploit part of the remaining carbohydrates in green tea that can be stabilized during decomposition rendering them resistant to decay, or waxes and lipids containing fraction of alkyl C that require specific enzymes to decompose them (Baumann et al., 2009).

The decay rate of all substrates varied across studied forest sites, especially in the early stage of decomposition. However, we failed to prove our second hypothesis that the decomposition rate of standard substrates depends on forest site or dominating conifer species. Since the second year after the installation, the decomposition rate of both green tea and fine roots was highest in Vaccinium vitis-idaea pine forest coinciding with highest stand productivity among pine dominating stands, high initial N contents of both substrates and the lowest lignin:cellulose ratio of fine roots. The differences in the fine root decomposition rate can be related to the different initial concentrations of lignin in the fine roots and differences in root colonizing ectomycorrhizal communities. In the overview by Zhang and Wang (2015), the initial lignin content was reported to be the most important predictor of fine root decomposition.

In the current study, the annual decomposition rate changed in time for all substrates, except needle litter, which decomposition rate remained almost constant for 3 years and no deceleration was achieved. In accordance with several studies stating that foliar litter degradation in the early stage is enhanced by higher concentrations of N (e.g., Berg and Staaf, 1980; Berg and Matzner, 1997; Berg, 2014), the 1-year mass loss of Scots pine needles correlated positively with the initial N content of litter, the positive trend for the spruce needles was non-significant.

The concentration of N along with other nutrients such as P and K in the incubated substrate, and soil organic carbon, soil P and soil K concentrations expressed a significant impact on the later stage decomposition, i.e., on the 3-year mass loss of fine root and needle litter. The positive effect of macronutrients (N, P) on the decomposition of plant litter has been presented in a wide range of studies (e.g., Aerts, 1997; Berg, 2000; Błońska et al., 2021). K in conifer needle litter has been shown to have a positive impact on mass loss both in the early (Prescott et al., 2004) and late stages (Berg et al., 2000) of decomposition. In our study, the higher initial K of the incubated fine roots and needle litter significantly increased the mass loss in the first year, while higher K concentrations in the soil organic layer expressed a negative effect on the mass loss of needle litter and green tea (Supplementary Figure 3). Ochoa-Hueso et al. (2019) found that K addition significantly affected the ability of microbes to degrade organic matter, suggesting the potential key role for soil K in controlling litter decomposition. In our study, soil K correlated with soil pH which in turn strongly influences the biomass, composition (fungi:bacteria ratio) and activity of soil microorganisms (e.g., Högberg et al., 2007; Matthies et al., 2007).

According to the concept of thresholds (Prescott, 2010), single factors, i.e., certain critical levels of temperature, moisture, lignin and litter nutrient concentrations control the rate of decomposition. Our study sites were likely to represent the range of environmental and soil nutrient conditions in hemiboreal coniferous forests, however no single variable was found to determine the mass loss of each studied substrate type. However, in the later stage when nutrients started to deplete, the concentrations of litter macronutrients (N, P, and K) and soil TOC, P, and K had a significant impact on the mass loss of the site-specific substrates. This suggests that analyzing single factors may not be sufficient, instead the combined effect of environmental parameters, litter quality and soil chemistry might reveal the prevailing factors that drive the rate of decomposition. The latter assumption is also supported by Prescott (2010) and Zhang et al. (2008) who argue that single factors, e.g., lignin and nutrient concentrations are useful for predicting mass loss rate, however they do not determine the decay rate of litter on their own.



Nutrient Dynamics and Net Release During Decomposition

The release pattern of N, P, and K in the decomposing fine roots and needle litter differed considerably with the element. Our results confirmed the existence of a critical N concentration for net N-release from decomposing substrate (Ågren and Bosatta, 1996). Well-observable dynamics of N release-immobilization occurred in the incubated fine roots but the pattern was of smaller magnitude and less clear in the needle litter, even though the initial N concentrations were similar in both substrate types. Our results show lower critical N values for the fine roots and needle litter of Scots pine (0.7–1.3% N) compared to Norway spruce (1.2–1.9% N); however, this is in good accordance with the critical N concept by Ågren and Bosatta (1996), who predicted the N release to start in the range from 1.4 to 1.7% N.

Nitrogen accumulation in the decomposing fine roots displayed in most of the stands a two-peaked pattern as described by Melillo et al. (1984). The initial leaching of the soluble fine root components is followed by rapid microbial growth during which nitrogen-enriched compounds are formed and N is immobilized in the detritus-microbe complex. The first stage of net N accumulation occurred at around 0.7 years (8 months) which is in agreement with other studies reporting peak N immobilization in decomposing fine roots between 6 and 10 months after incubation (Lõhmus and Ivask, 1995; Chen et al., 2002). Due to the recondensation of the lignin degradation products with nitrogenous compounds in the later stage of decomposition, additional nitrogen-rich recalcitrant compounds were produced, causing the effect of the second-phase immobilization. The later stage N accumulation peak of fine roots appeared at around 2 years after the start of the incubation, which falls in the time range of 1.4 and 2.3 years reported for the Norway spruce fine and finest roots (<1 mm), respectively, in the decomposition study carried out in Estonia by Lõhmus and Ivask (1995).

The percentage of remaining N at the end of the 3-year study was higher in the fine roots compared to the needle litter at every study site, indicating to a longer retention of N in the fine roots. The delay of N release in fine roots as compared to foliar decomposition is in line with several studies (Fujii and Takeda, 2010; Luo et al., 2017), emphasizing that fine roots have a significant role in nitrogen retention in forest ecosystems.

The pattern of P release is more variable, depending on litter type and site, both initial loss and gain of P have been widely reported (Moore et al., 2006). A fast loss of P was observed both in the fine root and needle litter with high initial P content, which is consistent with previous studies (Johansson, 1993) that reported initial P leaching from P-rich litters. In the needle litter however, a remarkable net gain of phosphorus occurred in the P-poor pine needles, while spruce needles with high initial P content expressed a gradual net loss of phosphorus. The net uptake of P in decomposing pine needles has been demonstrated by Berg and Cortina (1995), confirming that if carbon is relatively available, the immobilization of a limiting nutrient is common during litter decomposition (Prescott, 2005).

Potassium is not a structural component of plant litter or bound into any known organic compounds (Aber and Melillo, 2001), thus it was most rapidly lost from the incubated fine root and needle litter, as found in many studies (e.g., Berg and Cortina, 1995; Lin et al., 2011). After about 1 month of decomposition, approximately 80% of K was lost from the fine roots, irrespective of the initial concentration. Needle litter, however, expressed a slower K release, probably because the sampling interval was less frequent compared to the fine roots, especially at the beginning of the incubation.



CONCLUSION

The substrate type has the strongest impact on mass loss of all standard (α-cellulose, green and rooibos tea) and site-specific substrates (needle litter and fine roots) in hemiboreal pine and spruce forests. The dominant conifer species’ do not affect the decomposition rate of substrate or the proportional release of N from the litter. Our study revealed that the rate of the fine root decomposition can be predicted using the decomposition model for green tea, however, during the first 3 years the fine root decomposition rate is approximately five times lower than the rate of green tea. The annual decomposition rate of the needle litter is rather constant in the first 3 years and any of the decay rate models for standard substrates cannot be applied for describing the decomposition process of the needle litter in hemiboreal coniferous forests.

Despite the effect of faster litter mass loss with higher initial substrate N concentration and the additional explanatory effect of site productivity as well as soil K content on decomposition, there was no single environmental characteristic that would predict the mass loss of all the studied substrate types. However, the soil macronutrients (P, K) and TOC content became increasingly important with time, having a considerable influence in conjunction with initial litter composition on the third year decomposition of fine roots and needle litter.

We determined critical N concentrations of fine roots and needle litter at which level the net release of nitrogen begins in hemiboreal coniferous forests. The critical N concentration for N release was clearly lower for Scots pine fine roots and needle litter, (corresponding ranges were 0.9–1.3% and 0.7–1.1%) than for the Norway spruce (1.2–1.6% and 1.5–1.6%). Nitrogen release from litter or its accumulation into the decaying litter fluctuated over 3 years of decomposition, however, the integrated release-accumulation flux resulted with three times lower N release from fine roots than from needle litter. The slower decomposition and higher retention of N in the fine roots relative to needle litter suggests that fine roots have a substantial role in the carbon and nitrogen accumulation in boreal and hemiboreal forest ecosystems.
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after 1.7 years of decomposition. RiK for fine roots and RyN for needle litter are
missing because no significant relationships between the initial concentration and
the release rate of the respective element were not found.
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Scots pine

Norway spruce

Vaccinium vitis-idaea Myrtillus Fragaria Cladonia Oxalis Polytrichum Myrtillus Calamagrostis
Fine roots
1 year 0.31 0.13 0.20 0.14 0.14 0.16 0.25 0.16
2 years 0.18 0.08 0.15 0.09 0.13 0.10 0.16 0.10
3 years 0.13 0.06 0.13 0.07 0.12 0.07 0.12 0.08
Needle litter
1 year 0.39 0.30 0.43 0.31 0.32 0.34 0.47 -
2 years 0.36 0.35 0.39 0.31 0.28 0.33 0.50 -
3 years 0.34 0.38 0.36 0.32 0.25 0.32 0.52 -
Green tea
1 year 1.39 0.96 0.94 1.24 0.88 1.02 0.82 1.05
2 years 0.78 0.64 0.58 0.50 0.46 0.48 0.62 0.55
3 years 0.41 0.42 0.37 0.37 0.33 0.41 0.48 0.32
Rooibos tea
1 year 0.50 0.38 0.49 0.40 0.27 0.30 0.48 0.57
2 years 0.34 0.32 0.26 0.27 0.17 0.21 0.59 0.28
3 years 0.24 0.23 0.18 0.21 0.21 0.23 0.43 0.18

k-values in bold denote significant decrease in decomposition rate described by a power function (Eq. 2; Supplementary Figures 4, 5), except for the k of Myrtillus pine
needle litter that expressed an increase in the decomposition rate.
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Site Needles Fine roots

TOC N P K C:N N:P TOC N P K cellulose lignin C:N N:P
Pine stands
Vaccinium 55 7300 370 1100 75 20 48 10700 1590 3365 39 36 45 7
vitis-idaea
Myrtillus 855 6700 320 940 82 21 53 7200 870 1900 29 45 74
Fragaria 54 10850 867 2238 50 13 51 8600 630 2300 33 44 59 14
Cladonia 56 6100 380 1000 92 16 51 8300 1200 2300 34 42 61
Average 552 7738 484 1320° 752 17 51 8700 1073 2466 34 42 60 9
(N =4) +04 + 1066 + 128 + 308 +9 +2 +1 + 731 + 208 + 314 +2 +2 +6 +2
Spruce stands
Oxalis 51 13000 1200 2800 39 11 45 10400 1400 3400 33 39 43 7
Polytrichum 51 9400 1300 2200 54 7 53 12300 1400 2100 27 52 43 9
Myrtillus 51 9900 850 2600 52 12 53 9000 1100 2300 27 52 59
Calamagrostis 45 9600 450 1700 47 21 50 8700 520 2300 26 49 57 17
alvar
Average 50° 10475 950 23252 48° 13 50 10100 1105 2525 28 48 51 10
(N=4) +2 + 848 + 193 + 243 +3 +3 +2 + 822 + 207 + 295 +2 +3 +4 +2

C, total organic carbon (%); N, total nitrogen (mg kg~ A ); B phosphorus (mg kg*1 ); K, potassium (mg kg~ A ); cellulose (%); and lignin (%).

Letters a and b denote significant differences between the average values of both tree species (p < 0.05).

The initial N concentrations of the incubated green and rooibos tea were 40190 and 11850 mg kg~ ', carbon contents were 49 and 51%, the C:N ratios were 12.2 and
42.9, the cellulose contents were 0.283 and 0.289 g g~ and the lignin contents were 0.159 and 0.444 g g~ respectively (Keuskamp et al., 2013).





OPS/images/ffgc-04-686468-t001.jpg
Site type Location Stand age  Stand Tree DBH (cm) B Soil type! Soil Thickness TOC(g N(gkg™) P (mg K (mg pHcaciz MAP (mm) Ts (°C)

(year) density height (m) moisture of the kg™1) kg~1) kg 1)
(trees organic
ha=1) horizon
(cm)
Pine stands
Vaccinium 58° 39'N 132 263 29.7 32.0 1.7 Albic dry 6.7 340 8.2 710 200 3.0 591 12.6
vitis-idaea™* 26° AB'E Podzol
Myrtillus* 59° 34'N 90 1130 19.2 20.3 3.3 CGleyic mesic 9.8 451 10.7 627 622 3.3 552 12.5
26° O07'E Podzol
Fragaria™* 58° 23'N 112 440 20.0 35.5 3.6 Calcaric mesic-dry 2.0 405 10.2 475 154 4.4 492 12.7
21% 50'E Arenosol
Cladonia* 59° 33'N 82 1590 15.0 14.9 42 Albbic dry 4.5 441 7.0 694 744 3.4 552 13.0
26° 02'E Podzol
Spruce stands
Oxalis*? 58° 16'N 58 650 24.5 25.1 0.6 Haplic mesic <1 23.12 1.52 4502 13332 5.22 620 12.5
26° 27'E Luvisol
Polytrichum™ 58° 42'N 48 1015 17.0 16.0 1.2 Histic wet (drained) 9.3 411 16.5 925 955 3.5 648 1.1
25° 03'E Podzol
Myrtillus™ 58° 59'N 97 422 23.5 28.0 3.6 Albic mesic 8.9 411 14.0 610 144 2.9 591 121
26° 45'E Podzol
Calamagrostis ~ 58° 18'N 90 800 12.3 18.6 5.1 Calcaric- dry, 4.1 337 8.8 400 1533 5.9 513 121
alvar 21° 58'E gleyic occasionally

Leptosol flooded

DBH, diameter at breast height; B, site productivity index-lower values indicate to higher productivity of sites (Kriiska et al., 2019); TOC, total organic carbon, N, total nitrogen; P phosphorus; K, potassium; MAF, mean
annual precipitation in 2013-2015; Ts, average soil temperature during the vegetation period (May-September) in 2013-2015.

*ICP Forests program site.

*ICP IM program site.

1According to the World Reference Base for Soil Resources 2015 classification.

2The soil chemical parameters of the A horizon (depth 0-5 cm) are given here because the forest floor is <1 cm thick and the fine roots were incubated in the humus horizon.
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1-year 2-year 3-year

mass loss mass loss mass loss

F p F p F p
Nsub - ns - ns 12.5 0.04
TOCsup - ns - ns - ns
Psub - ns - ns 471 0.01
Ksub - ns - ns 14.6 0.03
Nsoil = ns - ns —~ ns
TOCoil - ns - ns 45.1 0.01
Psoil - ns - ns 39.2 0.01
Ksoil - ns - ns 53.3 0.01
Substrate type 9.7 0.05 99.8 <0.01 1776.7 <0.01
Tree species - ns - ns - ns
Tree - ns - ns 48.8 0.01
species x substrate
type

N, TOC; B, K-nitrogen, total organic carbon; phosphorus, and potassium
content, respectively.

Subscripts sub and soil denote the chemistry of the initial fine roots and needle litter
and the soil organic layer, respectively.

ns denotes non-significant relationship (o > 0.05).
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Site 1-year 2-year 3-year 1-year 2-year 3-year 1-year 2-year
Fine roots Needles a-cellulose

Vaccinium vitis-idaea pine 32 £2° 28 4+ 2° 29 + 3¢ 25 + 12 54 4 1P¢ 62 + 22 85 + 32 1002

Myrtillus pine 11 +£12 17 £32 18 = 2abe 25+ 18 50 + 32° 69 + 1@ 82 + 72 1002

Fragaria pine 21 4 1¢d 25 4 3% 314 33° 35+ 2° 57 + 1°d 64 + 22 72 4£92 1002

Cladonia pine 16 + fabed 17 + 33 19 4 38 26 + 12 41 + 3 60 + 32 85 + 62 98 + 1@

Oxalis spruce 13 £ 32 23 + 3% 25 + 3ac 26 + 22 41 4 22 69 + 62 96 + 32 99 + 12

Polytrichum spruce 19 + obed 24 + 2% 21 4 2ae 26 +22 49 4 430 59 + 52 98 + 12 95 + 42

Myrtillus spruce 23 + 19 25 4 2% 30 + 3 27 £+ 1% 67 + 39 76 + 32 65 + 152 g7 £ 22

Calamagrostis spruce 15 4 fabe 16k 12 15448 NA NA NA 4.4 5% 96 28

Average 19+2 22+2 23+ 2 27 +1 51+3 66 + 2 82+1 98 + 1
Green tea Rooibos tea

Vaccinium vitis-idaea pine 77 422 79 +£28 7262 41 £ 40 50 + 82 52 + 52

Myrtillus pine 72432 82 22 83 + 32 37 + 180 52 + 42 56 + 22

Fragaria pine 69 £+ 72 78 £ 42 78 £ 52 37 £ 5% 45+ 52 51 + 32

Cladonia pine 80 + 22 73+32 79+ 12 37 + 280 46 + 87 54 + 42

Oxalis spruce 67 + 8 68 + 42 73448 28 + 428 3B+ 6° 53 & 20°

Polytrichum spruce 74 £ 28 71 £42 83 + 52 30 + 180 39 + 32 59 + 42

Myrtillus spruce 72428 77 £ 22 77 + 12 39 + 180 54 + 72 56 + 22

Calamagrostis spruce 69 + 28 76 4 3¢ 8L R 39 + 1@ 48 + 52 59 + 22

Average 73+2 76+ 1 78 £1 36+2 46 + 2 55+ 2

Different letters indicate significant differences among the stands for the same retrieval time.





